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ABSTRACT
Endothelial cells (EC) are ubiquitous - as vascular epithelial cells they line the inner surface of all
vessels and are the contact surface with flowing blood. Macrovascular EC are the first line barrier
between flowing blood and mural structures. The microvasculature includes EC-lined vessels that contact
virtually every cell in the body. These EC are potent bioregulatory cells, modulating thrombosis,
inflammation and control over mural smooth muscle cells and vascular health.
The biochemical roles of EC can be retained when cells are embedded within three-dimensional
matrices without recapitulation of the full vessel architecture. Within these matrices, surface and
structural properties impose a set of forces on the embedded EC. Indeed, substrata pore size and modulus
have profound effects on phenotype and function of a range of cell types. In the first part of this work, we
examined the effect of pore size, matrix relative density and modulus on matrix-embedded EC growth and
secretion and found a greater biological dependence on modulus than pore size or density. In the second
part of this work, we examined the effect of isolated changes in modulus on BC growth, secretion of
growth regulators, and modulation of smooth muscle cell growth.
EC growth is maximal at intermediate moduli over a range from 50 Pa- 1500 Pa. Secretion of heparan
sulfate proteoglycans (HSPGs), which inhibit smooth muscle cell growth, is maximal at low moduli and
flat at high moduli. Secretion of growth factors such as FGF2 and PDGF-BB were also modulus
responsive. Inhibition of smooth muscle cell growth rose as modulus decreased from 510 Pa to 50 Pa and
was the result of a balance between increased HSPG secretion and reduced secretion of vasoactive growth
factors. Changes in endothelial function correlated with extracellular matrix gene and integrin aP 3 and
c41 expression. Changes in the forces experienced by the cell - a change in substrate modulus - cause the
cell to alter its ECM and integrin expression in an effort to return the force balance to normal, leading to
downstream effects on cell function. While growth stimulatory function largely conserved, growth
inhibitory function was altered to a much larger degree.
In the final part of this work, we examined the effect of scaffold modulus on EC response to
inflammatory stimuli, and attempted to correlate it to changes in smooth muscle cell regulation and
integrin expression. While cytokine secretion was independent of modulus, surface expression of ICAM- 1
and VCAM-1, and induction of CD4' T cell proliferation followed a similar pattern to smooth muscle cell
inhibition, suggesting that similar mechanisms may be involved in their regulation by substrate modulus.
Alteration of scaffold modulus has a profound impact on EC function including growth regulation
and inflammatory response. The model offered in this thesis - wherein EC attempt to neutralize changes
in environmental force balance by altering ECM and integrin expression, leading to changes in
downstream function - offers insight into how environmental changes effect functional changes in ECs.
Thesis supervisor: Elazer R. Edelman, M.D., Ph.D.
Title: Thomas D. and Virginia W. Cabot Professor of Health Sciences and Technology
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CHAPTER 1: INTRODUCTION AND BACKGROUND
INTRODUCTION
Endothelial cells, the cells which line all blood vessels in the body, have a wide range of
important functions, not only acting as a barrier between the blood and tissues, but also playing
roles in coagulation, fibrinolysis, regulation of vessel tone, regulation of smooth muscle cell
growth, response to inflammation and the formation of new blood vessels.' 2 In the last several
years, tissue engineering techniques have been used to develop endothelial cell constructs, using
commercially available surgical sponges, which can regulate these same functions in the absence
of an intact endothelium. By utilizing these constructs it has been possible to prevent neointimal
hyperplasia in animal models of angioplasty and arterio-venous fistula.
One of the initial motivations for this work was to determine if altering scaffold physical
properties could enhance embedded cell functionality. It has long been known that cells'
properties are affected by the physical properties of the substrate on which they are grown,
including, topography, roughness and rigidity. Changes in these properties can lead to alterations
in a wide range of cellular functions, ranging from proliferation and migration to cell specific
functions such as cytokine secretion.
Significant work has been performed to date to examine cell-substrata interaction and yet
the majority of these studies focus on cells grown in 2D cultures. To understand how cells
function in 3D, it is not always possible to extrapolate from 2D. Many cell types, including
fibroblasts3-5, smooth muscle cells 6, and endothelial cells7 act significantly differently in three
dimensional culture. Additionally, few of the studies which examine how changes in three
dimensional physical properties affect cells focus on endothelial cells.
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This thesis sought to examine the effects of several parameters, including pore size,
matrix density and matrix modulus, on endothelial cells cultured in three dimensional structures.
We found that endothelial cells do respond to these factors by altered growth and secretion, but
that modulus seemed to have a dominant effect over pore size or relative density. Based on the
results of the first part of this work, the remainder of the thesis examined the effect of isolated
changes in modulus on endothelial cell function, still in three dimensional culture.
The bulk of this work examines the hypothesis that endothelial cellfunction is altered by
substrate mechanical properties in a manner which is mediated by changes in the cell-
substrate interface, namely the extracellular matrix and integrins. This was accomplished by
carrying out the following specific aims:
1. To develop a system of tissue culture scaffolds which vary in modulus while retaining the
same physical structure.
2. To examine the effect of changes in scaffold modulus on aspects of endothelial cell
biology including regulation of growth, secretion, smooth muscle cell inhibition and
response to inflammatory stimuli.
3. To correlate changes in cell biology to changes in the cell-substrate interface.
4. And, finally, to develop a model which takes into account the data from aims 1-3 to
explain how changes in substrate modulus lead to modulation of endothelial cell function.
BACKGROUND
Substrate Mechanics and Cell Function
Substrate mechanics have long been known to affect both cellular morphology and
function. Many cell types have been shown to spread more on stiffer substrates- 11 or migrate
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towards regions of stiffer substratum9, 12-14 . Properties of fibroblasts, smooth muscle cells and
chondrocytes, including focal adhesion formation 8'1, tyrosine signaling15 1
6
, and proliferation17-19
are all affected by substrate mechanics across both 2D and 3D culture. Cell type specific
functions are affected by substrate rigidity. Hepatocytes grown on polyacrylamide gels with
different mechanical properties show differences in albumin production and p450 gene
20
expression. Mammary epithelial cells grown in stiff 3D collagen gels did not form acini, and
had increased FAK (focal adhesion kinase) phosphorylation along with more focal adhesions
containing vinculin, both associated with a malignant phenotype. Spinal neurons exhibit more
branching on softer substrates.
Less is known about the effect of substrate rigidity on endothelial cells than on other cell
types. To date, most studies using endothelial cells have looked at the effect of rigidity on the
physical state of the cells, rather than their functionality. For example, Gray et. al showed that
endothelial cells will migrate towards, and accumulate on, regions of increased stiffness when
cultured in 2D.12 Several studies have found that like other cell types, when cultured in 2D,
endothelial cells will show increased spreading and actin stress fiber formation on stiffer
substrates than on soft ones.23 8 24
Much of the work examining the effect of stiffness on endothelial cells has taken place in
2D. There have, however, also been a significant number of studies examining the effect of
stiffness on the morphology of endothelial cells in 3D culture. Tubulogenesis (or the formation
of tube-like structures) by endothelial cells is significantly affected by stiffness of the substrate in
which they are cultured. Studies have consistently found that endothelial cell tubulogenesis is
increased in softer gels compared to stiffer ones. Additionally, the morphology of the tubes
formed also varied with the substrate's mechanical properties. 25-28
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Beyond morphology, many studies examining alterations in endothelial cell function due
to changes in substrate rigidity have focused on integrins and focal adhesions. Wallace et. al
showed that focal adhesion structure in 2D culture was affected by stiffness, with smaller
23
adhesions found on softer materials. Yamamura et. al found a similar effect in 3D culture, with
increased expression of vinculin, a focal adhesion associated protein, in stiff gels compared to
softer ones.28 However, beyond adhesion, there is very little in the literature on the effect of
substrate stiffness on the function of endothelial cells.
The question of how substrate rigidity affects endothelial cell function is an important
one. In vivo, many diseases, such as atherosclerosis and hypertension 29,30, are associated with
altered vessel mechanical properties. In addition to clinical effects such as increased systolic
blood pressure and an association with increased cardiac death, these changes in mechanical
properties have also been linked to alterations in endothelial cell gene expression associated with
altered extracellular matrix deposition, integrin expression and cell signaling.
Tissue Engineered Endothelial Cell Constructs: Motivation
Knowing how endothelial cell function is affected by substrate stiffness, especially in
three dimensions, is important for tissue engineering applications as well. Endothelial cells
embedded in Gelfoam, a porous, 3D, gelatin surgical sponge, have been examined for over 10
years as a way to replace the functionality of a damaged endothelium without recapitulating its
structure. In this system, endothelial cells are engrafted within the Gelfoam and allowed to grow
to confluence. At confluence, the cells produce the same mix of growth factors and heparan
sulfate proteoglycans as endothelial cells cultured in two dimensions. Conditioned media from
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these cells is able to inhibit smooth muscle cell growth in much the same way as conditioned
media from cells cultured on TCPS.
When implanted perivascaularly, these constructs show great promise in the prevention
32-34
of restenosis after balloon angioplasty. Early studies examined the ability of bovine
endothelial cells on Gelfoam to inhibit hyperplasia in rat carotid arteries denuded with balloon
angioplasty. Intimal hyperplasia 14 days after endothelial denudation was reduced by 88.2%
versus controls, and versus only 61.8% by the local delivery of heparin.35 The mechanism behind
this reduction was related to heparan sulfate proteoglycan secretion by the endothelial cells.36
Similar results were seen in a porcine model of carotid artery angioplasty. Intimal hyperplasia
was reduced at both 4 weeks (54% with allogenic cells, and 46% with xenogenic [bovine]
endothelial cells)33 and 3 months (56% and 31% for porcine and bovine endothelial cells,
respectively). It should be noted that this later time point was taken approximately 2 months
after the implant itself had degraded, indicating that the implant's function lasts long beyond its
physical presence.
Endothelial cell implants have promise in the setting of arterio-venous fistula creation for
dialysis access. Only 60% of these are fistulae are patent at one year, due to intimal hyperplasia
of the venous side of the fistula caused by increased vascular pressures. Allogenic endothelial
cell implants reduce intimal hyperplasia by 35% at one month and 68% at two months compared
to a sham implant.34 A-V grafts similarly benefit from endothelial cell implants, with a reduction
of stenosis of 81% at 28 days.37 Use of Gelfoam implants for A-V fistulae has moved to clinical
trials, and has recently completed Phase 2 testing.3 8
In addition to their clinical use, these constructs have the elicited the interesting
observation that they cause only a weak immune response after implantation, even when using
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xenogenic cells.7 Endothelial cells embedded in Gelfoam express significantly lower levels of
surface adhesion molecules such as ICAM, VCAM, selectins, and MHCs in response to
inflammatory stimuli. Cytokine secretion and CD4+ T cell proliferation are also markedly
reduced.7 Other effects seen in vitro include decreased induction of dendritic cell maturation,
decreased immune response of splenocytes on exposure to endothelial cells, and alterations in the
NF-kB pathway. 1-4' These results are translated in vivo as well. Allogenic and xenogenic
endothelial cell implants elicit a much dampened immune response to embedded endothelial
cells than to free endothelial cells, in both naive and pre-sensitized mice.7 42 43
The original choice of Gelfoam as the scaffold used for supporting endothelial cell
growth was based on availability. Although these constructs have been very effective, and
display an interesting ability to modulate the immune response, it may be possible to improve
their performance. Knowing how the scaffold's physical and mechanical properties affect
endothelial cell function may allow for further optimization of this system in addition to offering
insights into endothelial cell biology.
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CHAPTER 2: EFFECT OF SCAFFOLD PORE SIZE, DENSITY
AND MODULUS ON ENDOTHELIAL CELL GROWTH AND
SECRETION
MATERIALS AND METHODS
Production of Gelatin Scaffolds
Gelatin scaffolds with varying structures and mechanical properties were created using a
foaming method based on the procedure outlined in the original patent for Gelfoam, a porous
gelatin surgical sponge.44 Type A porcine skin gelatin was dissolved in distilled water to
concentration of 3-6% (wt/vol) and heated to 37 0C. 200mL of gelatin solution was transferred to
a beaker and placed in a 34 0 C water bath (to keep solution from hardening without causing foam
to melt). An overhead mixer (VWR) was fitted with either a whisk-like Squirrel mixing head
(Smooth-on) or a standard propeller. The gelatin solution was mixed at high speed for 5 minutes,
creating a thick, white foam which was spread into polypropylene molds. Foams dried at room
temperature for 2 days in a laminar flow hood. After trimming to approximately 0.5cm thick,
foams were crosslinked and sterilized by placing in sealed heatproof bags and heating in an oven
at 145 0C for 3 hours. The end-result was a porous, insoluble, sterile gelatin sponge which could
be used for cell culture. Two commercially available gelatin sponges, Gelfoam and Surgifoam,
were used in addition to the scaffolds made as described above. Scaffold nomenclature is as
follows: for lab made scaffolds, percentage of gelatin followed by the mixed type (i.e. a 5%
gelatin solution scaffold made with a Squirrel mixing head is referred to as 5S, while a 3%,
propeller mixed scaffold is 3P). Gelfoam is referred to as GF, and Surgifoam as SF.
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Characterization of Scaffold Density, Pore size and Mechanical Propertiess
Dry scaffolds were cut into lcmxlcm or lx2xO.5cm pieces and dimensions confirmed
using calipers. The mass of each sample was then weighed using a balance with an accuracy of
0.1mg. Density was calculated as mg mass per cm 3 . Scaffolds were visualized using a Hitachi
S3400 scanning electron microscope in low vacuum mode at a magnification of 40x, under
1 0OPa of pressure, in backscatter mode with a 15kV beam. After imaging, each visible pore was
outlined by hand using a tablet PC with ImageJ software. (Figure 1) The same software
calculated the diameter and circularity of each pore. Scaffold stiffness was characterized by
uniaxial compression. An Instron 8848 Microtester with a 20N load cell compressed the
scaffolds at a rate of 0.02mm/s. Young's modulus was calculated from the initial slope of the
resulting stress-strain curve.
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Figure 1: Scaffold SEM Images for Pore Size Measurement. Scaffolds were imaged with
SEM (Above). The contrast was adjusted make pores easier to see and then individual pores
were outlined and diameter measured using ImageJ software. (Below) The scaffold shown here
is 6S (6% gelatin made with a Squirrel mixer).
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Cell Isolation and Culture
Endothelial cells (PAEC) were isolated from porcine aortas using collagenase and
cultured in phenol red free Dulbecco's modified Eagle's medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 2% glutamine. Media was
changed three times per week, and cells were used between passages four and eight. For
engraftment onto scaffolds, PAEC were trypsinized, resuspended at ix106 cells/mL in culture
media and 1 00ml of cell suspension pipetted evenly onto 1 x2cm scaffolds. Scaffolds were
incubated for 2 hours at 37C, transferred to 3OmL polypropylene tubes with IOmL of culture
media and maintained at 37C, 10% CO 2 with regular media changes. For experiments requiring
free cells, cells were recovered by digestion in collagenase IV in PBS at 37C. After gelatin
scaffolds were completely digested, cells were recovered by centrifuging.
Cell Visualization Using Environmental SEM
PAEC seeded on Gelfoam were visualized with environmental scanning electron
microscopy using an FEI/Philips XL30 FEG ESEM with a cooled stage. Samples were fixed
with 4% paraformaldehyde overnight at 40C and washed thoroughly with distilled water. Wet
samples were placed directly on the microscope stage and imaged using a 15kV beam in
secondary electron mode. The microscope stage was kept at I 0C, and the relative humidity in the
sample chamber was kept above 50% (water vapor pressure above 2 torr) to ensure that the
sample did not dry out during imaging.
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Cell Visualization Using Quantomix WetSEM Capsules
PAEC seeded on Gelfoam were imaged inside Quantomix WetSEM tissue capsules,
which allow visualization of tissues under high vacuum in the hydrated state. Samples were fixed
with 4% paraformaldehyde overnight at 40C and washed thoroughly with PBS. A 2mm biopsy
punch was used to cut small samples from the Gelfoam block, and these were further washed
with distilled water and stained with 0.5% uranyl acetate for 20 minutes a room temperature.
Stained samples were washed three times with distilled water. Some samples were immuno-
stained for CD31 (PCAM, an endothelial cell specific cell adhesion molecule) prior to uranyl
acetate staining. Samples were blocked 15 minutes in 1% bovine serum albumin (BSA) in PBS
followed by incubation with primary antibody (1:10 dilution of mouse anti-CD31 in
1%BSA/PBS) overnight at 40C with shaking. Samples were washed extensively with 1%
BSA/PBS then incubated with goat anti-mouse IgG antibody conjugated with 0.8nm gold beads
(1:50, Aurion) overnight at 40C. Samples were then washed extensively with PBS, post-fixed for
eight minutes with 2% gluteraldehyde at room temperature, and washed extensively with
distilled water. Gold staining was silver enhanced using an Aurion SE-EM silver enhancement
kit and then stained with uranyl acetate as described above. Stained samples were placed in a
Quantomix tissue caspsule and imaged using a Hitachi S3400 SEM in backscatter mode with a
10-18kV beam voltage.
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Cell Growth
Scaffold were cut to lxlcm, seeded with 4.5xI 04 PAEC and cultured for up to 19 days
under normal culture conditions. On days 0, 2, 5, 9, 14 and 19, cells were recovered from 3
scaffolds of each type and counted using a Coulter Counter.
Preparation of Conditioned Media
Endothelial cell conditioned media was prepared by incubating confluent Ix2cm
scaffolds (n=3 for each scaffold type) in 1 OmL serum free DMEM + PSG for 24 hours.
Conditioned medium was then collected, centrifuged to remove any particulates, and the
supernatant frozen at -80C until use. Cells were recovered from scaffolds and counted using a
Coulter Counter.
Total Protein, TGF-fl, Prostacyclin Assays
Total protein in conditioned medium was measured using a bicinchoninic acid (BCA)
protein assay (Pierce) according to kit directions. TGF-31 in conditioned medium was quantified
using a TGF-31 ELISA (R&D) according to kit directions. Prostacyclin has a very short half life,
therefore its breakdown product 6-keto-prostaglandin Fl, was measured in conditioned medium
using an EIA kit (Amersham) according to assay directions. All measured values were
normalized to cell number.
Glycosaminoglycan Quantification
Conditioned media was concentrated 2x using 3000 MWCO centrifugal concentrators
(Millipore). Total glycosaminoglycan and heparin sulfate proteoglycan in the concentrated media
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was measured using a dimethylmethylene blue (DMB) assay. DMB assay solution was prepared
according to the method of Farndale et. al.45 To
determine the total amount of GAG in samples, 700pl DMB was added to a 500pl sample and
absorbance was immediately read at 523 nm using a spectrophotometer (Perkin-Elmer) and
compared to a standard curve prepared using chondroitin sulfate in serum free DMEM. To
determine the amount of heparan sulfate (HSPG) in the samples, conditioned media was digested
with 0.036U/mL protease-free chondroitinase ABC for 3 h at 37 0 C prior to measurement of
GAG with DMB. The GAG remaining after digestion was considered to be the HSPG fraction.
All samples were measured with and without chondroitinase digestion, in duplicate.
Statistics
Data are presented as mean +/- standard error (SEM) unless noted. Groups were
compared using one way ANOVA. A value of p < 0.05 was considered significant.
RESULTS
Mechanical Characterization of Gelatin Scaffolds
The Young's modulus of bulk gelatin scaffolds was measured by compression using an
Instron mechanical tester. (Figure 2) Scaffold modulus increased with the concentration of
gelatin used in the foaming solutions. Additionally, modulus increased at each gelatin
concentration when matrices were formed with a propeller rather than the Squirrel mixing
attachment. Moduli of the prepared scaffolds ranged from 20.4kPa for scaffold 3S up to
278.5kPa for scaffold 5P. Gelfoam and Surgifoam, the commercial gelatin foams, bracketed the
gelatin scaffolds produced in the lab, with a modulus respectively at the low (47.6kPa) and high
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(291.4kPa) ends of the measured range. Statistics were not performed, as only one sample of
each type was measured. (Nomenclature, as outlined in Methods, holds here: # = % gelatin
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Figure 2: Bulk Young's (Compressive) Modulus of Gelatin Scaffolds. Strain rate =
0.02mm/s. Alteration of gelatin concentration and mixer type led to different scaffold mechanical
properties. Nomenclature: # = % gelatin solution, S = Squirrel Mixer, P = Propeller Mixer, GF =
Gelfoam, SF = Surgifoam.
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Physical Characterization of Gelatin Scaffolds
Scaffold density (mass per volume), calculated from dimensions and mass, increased
with gelatin content. Scaffolds made with the propeller mixer were denser. (Figure 3)
Accordingly, the least dense sample was 3S (7.73 +/- 0.18 mg/cm 3), and the most dense 5P
(17.99 +/- 2.40 mg/cm 3). As with modulus, Gelfoam and Surgifoam fell towards the low and
high ends of the density range, respectively. Unlike with true, porous, isotropic structures,
density was linearly related to scaffold modulus. (Figure 4) Only Surgifoam did not fit this
relationship, possibly due to a difference in the base material. (Surgifoam is made of gelatin, but
the exact type and method of production/cross-linking is not known.)
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Figure 3: Scaffold Density. Alteration of gelatin concentration and mixer type led to changes in
scaffold density. In general, increased gelatin concentration and use of a propeller mixer led to
increased density. Nomenclature: # = % gelatin solution, S = Squirrel Mixer, P = Propeller
Mixer, GF = Gelfoam (uncompressed), SF = Surgifoam (uncompressed). Data expressed as
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Figure 4: Modulus vs. Scaffold Density. Scaffold density was mostly linearly related to
modulus. However, Surgifoam did not fit this linear relationship.
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Pore size was measured by imaging scaffolds (Figures 5-6) and using ImageJ software to outline
individual pores and measure their diameter. Scaffold pore size decreased with increased gelatin
content, and scaffolds made with the propeller mixer had smaller pore sizes. (Figure 7-8) Pore
size was not normally distributed, with many more small pores present than large ones in all
scaffolds. Maximal average pore diameter was measured in scaffold 3S (263tm) and minimum
average pore diameter in scaffold 6S (1 33pm). Gelfoam and Surgifoam had average pore
diameters of 212ptm and 157ptm respectively. Although these were the average pore sizes
measured, pores as large as 600ptm were seen in all scaffold types. Qualitative differences could
be seen in scaffold structure as well. The commercial scaffolds (Gelfoam and Surgifoam)
appeared to have thinner pore walls than the scaffolds produced in the lab, and a higher degree of
pore interconnectedness. The lab made scaffolds, especially those made using the propeller
mixer, clearly had pores which were walled off from their neighbors. These isolated pores were
excluded from analysis.
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Figure 5: Macroscopic Images of Selected Scaffolds. a)Gelfoam, b) Surgifoam, c)4S, d)3P,
e)5P. Scale bar is 1.25cm.
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Figure 6: SEM Images of Scaffolds. Scaffolds were imaged with SEM for pore size analysis.
A) Gelfoam, B) Surgifoam, C) 3S, D) 4S, E) 5S, F) 6S, G) 3P, H) 5P, Commerical scaffolds
(Gelfoam, Surgifoam) appear to have thinner pore wall than those made in the lab. Additionally,
the scaffolds made with a propeller mixer do not appear have fully interconnected pores (Some
pores are clearly walled off and were not used in analysis).
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Figure 7: Pore Diameter. Points represent the average diameter of at least 250 individual pores
across 3 fields. Bars represent the standard deviation of pore size within this sample group.
(Larger bars = more heterogeneity)
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Figure 8: Change in Pore Size Distribution With Gelatin Content Depends on the Type of
Mixing Head Used. Top: Change in pore size distribution when using Squirrel mixing
attachment. As gelatin content decreases (from 6% to 3%), the mean pore size not only increases
(the peak of pore size vs. number fraction moves to the right), but the distribution of pore sizes
becomes flatter, with more very large pores. Bottom: Change in pore size distribution when
using a propeller mixing attachment. As gelatin content decreases (from 5% to 3%), mean pore
size increases, mainly due to a shift in the entire curve to the right. The width of the number
fraction peak remains approximately the same.
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Visualization of Cells on Gelatin Scaffolds Using SEM
Two methods were used image endothelial cells within the gelatin scaffolds:
environmental SEM and conventional SEM paired with Quantomix WetSEM capsules. Gelfoam
containing endothelial cells were imaged by environmental SEM was in a cold (1 C) chamber
with a humid atmosphere in secondary electron mode. Cells were extremely difficult to see using
this method. (Figure 9) There was essentially no contrast between the cells and the scaffold, so
cells were only able to be identified by their nuclei and edges. Cell-cell boundaries were even
more difficult to discern. However, it was still possible to appreciate the way in which cells were
wrapped around individual struts of the scaffold, and to see that cells were not completely
confluent. That is, areas of scaffold were visible between individual cells. Overall, however, this
method was not ideal for in situ imaging. Several images of cells taken using this method are
shown below, with a cell free scaffold for comparison.
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Figure 9: Environmental SEM Images of Endothelial Cells on Gelfoam. Top: Cell free
Gelfoam. Note the smooth walls. Middle: EC on Gelfoam. Note more textured walls, nuclei
(white arrows), and cell projections and cell-scaffold boundaries (black arrow). Bottom: High
magnification (1500x) image of EC on Gelfoam. Note that the cell-cell boundary is not
continuous and that the scaffold is visible between the cells.
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The second method used to visualize cells directly in the scaffold used Quantomix
WetSEM tissue capsules to visualize uranyl acetate stained endothelial cells on Gelfoam. (Figure
10) Cells imaged using this method were much more clearly visible than those imaged with
environmental SEM. Cell-scaffold boundaries and nuclei were extremely clear, though cell-cell
boundaries were still not clearly visible. This technique also had the advantage that uranyl
acetate staining allowed fine details of the plasma membrane or cytosol to be visible as well (as
can be seen in the image below). However, all structural information about the scaffold itself was
lost with this technique. Scaffolds placed in the imaging capsules were compressed, masking any
information about the scaffold's pores, and the way the cells interacted with them.
To gain more information about cell interaction, immuno-staining for PCAM was
attempted. (Figure 11) Samples were immunostained, labeled with a gold conjugated secondary
antibody and silver enhanced before imaging within the WetSEM capsules. While the staining
was clearly visible, the process of labeling and silver enhancement appeared to destroy some of
the benefits created by imaging in the capsules. Although the cell-scaffold boundary was still
clear, the detail of the cell membrane was lost. Additionally, charging artifacts, which were
already a problem when using the capsules, became much worse and made it nearly impossible
to capture high quality, high magnification images. Finally, although it was possible to easily
stain for surface molecules like PCAM, staining for intracellular or subcellular molecules (such
as vinculin or integrins) was not successful. WetSEM proved useful for imaging of overall cell
morphology. However, it was not ideal for immuno-staining or imaging cell interaction with the
pore structure of the scaffold.
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Figure 10: WetSEM images of endothelial cells on Gelfoam. Top: Low magnification (85x)
image of uranyl acetate stained EC. Note that scaffold is compressed and pore structure is lost.
Middle: 500X. Bottom: 900x. Note that cell-scaffold boundary is clear, but cell-cell boundaries
are not. Fine details of the cell membrane are visible at this magnification.
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Figure 11: PCAM Stained Endothelial Cells Imaged with WetSEM. Top: 500x. Note that
cell-cell boundaries (white arrow) are now clear, but at a loss of fine cell detail. Bottom: PCAM
stained EC, 210OX. Again, cell-cell boundaries (white arrow) are clear, but fine detail is lost, and
charging artifacts (black arrow) are severe.
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Endothelial Cell Growth
PAEC were seeded onto scaffolds and allowed to grow for up to 19 days. Cells were
recovered from scaffolds and counted on days 0, 2, 5, 9, 14 and 19. Cell number increased
rapidly between days 0 and 5 for all scaffold types. (Figure 12) After day 5, cell number either
plateaued or increased much more slowly until day 19. Final cell number, at day 19, was
significantly affected (p < 0.008 by ANOVA) by scaffolds produced in the lab, ranging from a
low of 257.4 +/- 16.9 x 103 cells for scaffold 5S to a high of 389.6 +/- 24.8 x 103 cells for
scaffold 5P. (Figure 13) Final cell number was independent of gelatin concentration but did
correlate with modulus and density. A parabolic curve can be fit to these data with an r2 ~0.8.
Interestingly, both the commercial sponges included in the study (Gelfoam and
Surgifoam), supported significantly higher cell numbers than any of the lab made scaffolds, and
do not fall on the cell number/density best fit curve, although they fall on opposite ends of the
measured ranges of all measured physical parameters. The reason for this is not clear, but it is
possible that the commercial scaffolds have a different chemistry or are cross-linked differently
than the scaffolds made in the lab.
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Figure 12: Cell Number vs. Time. Cell number increases at a rapid rate until day 5, and then
more slowly until day 19.
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Figure 13: Final Cell Number (Day 19) vs. Scaffold Modulus. Cell number on lab-made
scaffolds is fit by a parabolic curve with an r2 = 0.78. Although the correlation is fairly good, the
changes in absolute cell number are very small. Gelfoam and Surgifoam (the commercial
scaffolds) are outliers to this curve.












Secretion of Regulatory Factors is Related to Scaffold Properties.
Total secreted protein in conditioned media was measured using a BCA assay and
normalized to cell number. (Figure 14) Measured values ranged from 5.34 +/- 0.35 mg/10 6 cells
for Gelfoam to 9.12 +/- 0.88 mg/10 6 cells for scaffold 6S. Although ANOVA analysis showed
that scaffold type has a significant effect on total secreted protein (p < 0.0006), there was no real
correlation between protein and any of the measured scaffold parameters. (Figure 15). Total
protein secreted per scaffold (irrespective of cell number) was also dependent on scaffold type (p
< 0.04 by ANOVA), and linearly related to scaffold density (r2 0.7). (Figure 16) This suggests
that the scaffold itself may be interfering in the measurement of total protein, perhaps through
degradation or retention of serum containing medium.

































Figure 14: Total Secreted Protein (Normalized to Cell Number) Top:
size. Middle: Versus scaffold density. Bottom: Versus scaffold modulus.
seems random in all three cases.
Versus scaffold pore
Note that distribution
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Figure 15: Total Protein per Scaffold Versus Scaffold Density. Total protein per scaffold was
linearly related to scaffold density, suggesting that the scaffold itself may be interfering in the
protein measurement.










Conditioned media was assayed for total TGF-pI, a molecule which regulates cell
proliferation and extracellular matrix deposition, by ELISA and normalized to cell number.
(Figure 16) TGF-P3 levels were significantly dependent on scaffold type (p < 0.0009 by
ANOVA), and range from 1.10 +/- 0.28 ng/10 6 cells for scaffold 3S up to 4.08 +/- 1.14 ng/10 6
cells for scaffold 3P. This difference in TGF-P3 levels is large enough to be functionally
significant. TGF-P levels did not correspond to scaffold pore size. However, TGF-p3 was
related to scaffold modulus by a parabolic fit with a maximum at mid-range moduli, yielding an
r2 - 0.6. Although there is a linear relationship between the modulus and density of most
scaffolds, Surgifoam does not follow the E ac p relationship, and does not allow for good
correlation between density and TGF-pI (r 20.3).











8 10 12 14
Density (mg/cm)




















Figure 16: Total TGF-01 (Normalized to Cell Number) Top: Versus pore size. Middle:
Versus density. Bottom: Versus modulus. There is no clear relationship between TGF-p1 and
pore size or density. However, TGF-p3 is related to scaffold modulus by a parabolic curve which
has a maximum at mid range moduli, with an r2 = 0.61.
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The level of prostacyclin, a vasodilator, in conditioned media could not be measured
directly due to its short half life. Instead, 6-keto-prostaglandin Fia, a breakdown product of
prostacyclin, was measured using an EIA kit. (Figure 17) The level of prostaglandin varied
significantly with scaffold type (p = 0.001 by ANOVA), ranging from 8.21 +/- 0.61 ng/10 6 cells
for Surgifoam to 17.48 +/- 0.41 ng/10 6 cells for scaffold 6S. However, prostaglandin level did
not strongly correlate with any of the measured scaffold parameters. The closest match, modulus,
correlated only slightly with prostaglandin levels (r2 = 0.49 for an inverse parabolic fit).
(Similarly to TGF-bl, although there is a linear relationship between the modulus and density of
most scaffolds, Surgifoam does not follow the E oc p relationship, and does not allow for good
correlation between density and prostacyclin [r 2<0.1].) The reason for this is not clear. It is
possible that more than one parameter plays an important role in prostacyclin levels,
confounding the data, or that some non-measured parameter is playing a role.
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Figure 17: Prostacyclin (Normalized to Cell Number). Top: Versus pore diameter. Middle:
Versus scaffold density. Bottom: Versus scaffold modulus. Although levels of prostacylin vary
significantly between scaffolds (p = 0.001 by ANOVA), its levels do not correlate well with any
the measured parameters. The best fit is a parabolic curve with r2=0.49 fit to the data of the
modulus vs. prostacyclin graph.
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Total sulfated glycosaminoglycan and heparan sulfate proteoglycan were measured in
conditioned media using a DMB assay. These are molecules secreted by confluent endothelial
cells, which play an important role in the endothelial cell mediated regulation of smooth muscle
cell inhibition. Total GAG ranged from a low of 4.99 +/- 0.36 ptg/10 6 cells for scaffold 3S to a
high of 13.73 +/- 1.81 ptg/10 6 cells for scaffold 6S. (Figure 18) HSPG ranged from 3.47 +/- 0.16
Ig/10 6 cells for scaffold 3S to 9.74 +/- 0.96 Vtg/10 6 cells for scaffold 3P. (Figure 19) Although
these differences are large secretion of both total GAG and HSPG did not significantly affected
by scaffold type given the large errors on the data (p > 0.2 for both by ANOVA). (However,
when the scaffold type with the largest error bars is removed from the analysis (scaffold 6S), the
change in HSPG with scaffold type does become significant. This suggests that the changes seen
may be real, but are being masked by the large error bars generated using this method.)
Total GAG did not correlate with either pore size or scaffold density. However, scaffold
modulus and total GAG were able to be related using an inverse parabolic curve (r2 - 0.74).
Similarly, HSPG did not correlate well with either pore size or density, but did somewhat
correlate with modulus. Like with total GAG, an inverse parabolic curve provided an acceptable
fit (r 2 ~ 0.72) between HSPG and scaffold modulus. (Similarly to TGF-bl and prostacyclin,
although there is a linear relationship between the modulus and density of most scaffolds,
Surgifoam does not follow the E oc p relationship, and does not allow for good correlation
between density and either total GAG [r 2 -0.5] or HSPG [r 2 -0.5].)
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Figure 18: Total GAG Secretion by Endothelial Cells Top: Versus pore size. Middle: Versus
scaffold density. Bottom: Versus scaffold modulus. It was seen that GAG secretion was not
correlated to either pore size or density, although there was a fairly good correlation between
sulfated GAG and scaffold modulus (r 2 = 0.744 for a parabolic fit).
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Figure 19: HSPG Secretion by Endothelial Cells Top: Versus pore size. Middle: Versus
scaffold density. Bottom: Versus scaffold modulus. It was seen that HSPG secretion was not
correlated to either pore size or density, although there was a fairly good correlation between
HSPG and scaffold modulus (r2 = 0.717 for a parabolic fit).
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total Protein Measure ot total protein
produced by cell
None N/A
IGF-$1 Modulates cell proliferation Modulus 164kPa
and ECM deposition
HSPG Inhibits smooth muscle cell Modulus 164kPa
growth
Prostacyclin Vasodilator, inhibits platelet None /A
aggregation
Table 1: Summary of Chapter 2 Secretion Data. Peak refers to the peak of the curve fit to the
relevant data.
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DISCUSSION
Previous studies utilizing a variety of cell types have shown that three-dimensional
structure and mechanical properties can have a significant effect on cells grown in scaffolds.
Many different cell types are sensitive to aspects of structure such as pore size or porosity. Pore
size has been shown to affect the attachment and proliferation of a variety of cell types, including
fibroblasts46, vascular smooth muscle cells 47'48 and MC3T3 osteogenic cells49 . It has additionally
been shown to affect cell type specific functions, including cartilage production by
chondrocytes', the differentiation of mesenchymal and embryonic5 stem cells, and bone
formation by bone marrow stromal cells5 3 . Similarly many types of cells are sensitive to scaffold
mechanical properties. Mammary epithelial cells2 1, chondrocytes 54 and endothelial cells 25-2 8 all
have cell type specific functions (formation of acini, cartilage production, and tubulogenesis
respectively) which are altered by substrate stiffness in three dimensions.
The aim of the first section of this thesis was to elucidate the effect of scaffold physical
properties, including pore size, density and modulus on endothelial cell functions other than
tubulogenesis. To achieve this aim, gelatin scaffolds with different physical properties were
prepared using a foaming method based on the procedure outlined in the original patent for
Gelfoam, and utilizing different percentages of collagen and different mixing heads. Using this
technique, and with the addition of two commercial gelatin sponges, it was possible to obtain
scaffolds with average pore diameter ranging from 133tm up to 263ptm, a 2.3x change in
density, and a 14x change in modulus.
In general, all scaffolds appeared to be able to support "normal" endothelial cells. Cells
on all scaffolds were able to proliferate, form cobblestone structures (though they did not cover
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the entire available area) and secrete regulatory factors such as TGF-P1, prostacyclin,
glycosaminoglycans and heparan sulfate proteoglycans. However, the alterations in scaffold
structure did appear to make a difference in the level at which many of these functions occurred.
For example, although all cells supported growth, cell number at confluence depended
significantly on scaffold type. When taken as a complete group, there was no correlation between
cell number and any of the measured scaffold properties. However, when only the lab made
scaffolds were taken into account, there was some correlation of cell number with modulus,
though not with pore size or density. (The lack of correlation with scaffold density despite the
largely linear relationship of density with modulus is due to Surgifoam not following the E oc p
curve and reducing the r2 values of correlation fits to below 0.5.) Overall cell function seemed to
correlate more strongly with scaffold modulus than with scaffold structure. In the range
examined, TGF-pl, GAGs, HPSGs and, to some extent, prostacyclin, were all were nonlinearly
related to modulus, while no correlation was seen with pore size or density. (Summarized in
Table 1.)
Interestingly, TGF-P3 and HSPG secretion were linearly related to each other, as well as
correlating with scaffold modulus. The relationship of these molecules to scaffold modulus, and
each other, is not completely unexpected. It has been previously reported in the literature that
mechanical stimuli upregulate both TGF-p and HSPGs in endothelial cells through a common
pathway. In our system, cells are not mechanically stressed, but the scaffolds do provide
different mechanical environments, which may act in a similar way.
The data gathered in this part of the thesis strongly suggested that modulus plays a larger
role in affecting endothelial cell function than pore size or scaffold density, at least in the ranges
of those properties examined here. It is still possible that pore size is important for endothelial
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cell function. The range of moduli examined in this work was significantly larger than the range
of pore sizes. It is entirely possible that the range of pore sizes at which endothelial cell function
is altered may not have been hit upon by this scaffold preparation method. Zeltinger et. al.
showed that a transition in endothelial cell growth structure (from disconnected webs to
confluent multi-layers) takes place at a pore size of-38pim, while a range of larger pore sizes has
no effect.48 If this pore size, which is much smaller than the average pore size of any of the
scaffolds used in this study, is indicative of the range at which endothelial cell function is
affected, the effect of pore size would not necessarily been seen here. Additionally, the very
large pore size distribution within each scaffold could have masked any effects of pore diameter
as well, as large pores would be offset by small pores, and vice versa.
Based on these data, it was decided that future research efforts would focus on examining
the effect of only modulus on endothelial cell function, rather than the effect of scaffold physical
properties as a whole. The current system of scaffold production makes it impossible to change
only one scaffold property at a time. In our system, scaffold modulus and pore size are related,
albeit in a complex rather than linear manner.
In addition to adding the confounding factor of pore size to changes in modulus, the
interaction between mechanical properties and structure means that it is difficult to know what
the modulus of the material under the cell is (the modulus of the scaffold strut itself). Scaffold
bulk modulus is linearly related to strut modulus, but only ifthe ratio of scaffold density to the
density of the scaffold material (in this case gelatin) is unchanged. In our system, bulk modulus
changes, but, assuming that the density of gelatin is constant as all solutions were prepared and
cured in a similar manner, so does the ratio of bulk density to material density. This means that
the modulus the cell sees may not be changing in the same way as the bulk scaffolds'. For
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example, it is possible that, because they are made from the same percentage gelatin solution,
scaffolds 5S and 5P have the same strut modulus, and that their bulk modulus only differs due to
changes in structure. In fact, there is some evidence that this is occurring. When data for TGF-
P1, GAG, HSPG, and prostacyclin secretion are compared with gelatin concentration, the points
for 4% gelatin and 5% gelatin fall almost exactly on top of one another, irrespective of mixer
type. For prostacyclin, the same holds true for the 3% gelatin scaffolds as well.
This means that to study modulus in isolation, a new system of scaffolds would need to
be devised in which the modulus of the scaffold material was altered while leaving structure
unchanged.
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CONCLUSIONS
Scaffold physical properties can significantly impact the secretory function of endothelial
cells cultured in three dimensions. Scaffold modulus plays a larger role in this impact than either
pore size or scaffold density. Thus, the remainder of the work in thesis will focus on examining
the effect of an isolated change in scaffold mechanical properties on endothelial cell function.
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CHAPTER 3: EFFECT OF SCAFFOLD MODULUS ON
ENDOTHELIAL CELL REGULATION OF GROWTH AND
SMOOTH MUSCLE CELL INHIBITION
INTRODUCTION
In Chapter 2 we found that the effect of scaffold modulus was dominant over that of pore
size or relative density on the function of endothelial cells. Based on those results, it was decided
to focus on the effect of isolated changes in scaffold modulus.
The first aim of this chapter was to develop a system of scaffolds in which only one
physical parameter, modulus, was altered. Scaffold bulk modulus is related to the relative density
of the scaffold, the modulus of the material from which the scaffold is made, and the density of
the material from which the scaffold was made. By choosing one scaffold structure and then
adding chemical crosslinks, it was possible to alter the modulus of the base material, and
therefore of the scaffold, even while keeping the other two parameters the same. Gelfoam was
chosen as the base scaffold material because the biology of endothelial cells grown within it has
7,32-343
already been well characterized.,-
The second aim of this chapter was to determine how changes in substrate modulus affect
endothelial cell growth and secretion of several growth regulatory factors found in healthy
endothelial cells including TGF-pl, FGF2, PDGF-BB and heparan sulfate proteoglycans. The
third aim was to correlate any changes in secretion of growth regulators to changes in endothelial
cell functionality, namely smooth muscle cell growth inhibition.
The next aim was to determine if changes in secretion and functionality were related to
changes in the interface between the cells and their substrate - the extracellular matrix and
integrins. Finally, we attempted to create a model which could explain how the endothelial cell
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growth regulatory system is mediated by substrate modulus and changes in the cell/substrate
interface..
METHODS
Alteration of Gelfoam Modulus
Gelatin scaffolds of varying modulus were created by modifying a commercially
available gelatin surgical sponge (Gelfoam). Three different methods were examined to alter the
mechanical properties of the sponge. First, scaffolds were heat treated at 145 0 C for 0, 6 or 24
hours to increase gelatin crosslink density and increase scaffold modulus. Second, scaffold
modulus was altered through carbodiimide chemistry. 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDAC, EMD Biosciences) and N-
hydroxysuccinimide (NHS, Thermo Scientific) created amide bonds between the amine and
carboxyl groups of gelatin.5 4'56 Scaffolds were hydrated and incubated in a sterile solution of
EDAC/NHS in PBS twice for 1.5 hours at room temperature with shaking, followed by 4, 15
minute washes with sterile PBS. The concentrations of EDAC and NHS were varied (54.0/22.0,
36.1/14.6, 9.0/3.6, 3.6/1.4 EDAC/NHS mM) to create different degrees of cross-linking, and
therefore different degrees of stiffness. Finally, scaffolds of reduced stiffness were created by
autoclaving Gelfoam in PBS for either 10 or 20 minutes at 121C. Only scaffolds created by
EDAC/NHS crosslinking and autoclaving, in addition to unmodified Gelfoam, were used for
further experiments. All scaffolds were stored in sterile PBS at 4C until use.
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Scaffold Mechanical Property Characterization
Scaffold stiffness was characterized by uniaxial compression using a Zwick mechanical
tester with a 20N load cell. 12mm disks of hydrated scaffolds were cut using a biopsy punch.
Scaffolds were immersed in a PBS bath and compressed at a rate of 0.01mm/s, and the Young's
modulus calculated from the initial slope of the resulting stress-strain curve.
Endothelial Cell Culture and Scaffold Engraftment
Human aortic endothelial cells (HAEC) from three healthy donors were purchased from
Promocell, pooled and used between passages 5 and 8. Prior to scaffold engraftment, cells were
cultured on dishes coated with 0.1% type A porcine gelatin for 30 minutes. Cells were
maintained in endothelial cell growth medium 2 (ECGM2, Promocell) supplemented with 7%
FBS and 1% penicillin-streptomycin at 37"C, 5% CO2 with 3 media changes per week. For
culture on scaffolds, HAEC were trypsinized, resuspended at 1xi06 cells/mL in culture media
and pipetted evenly onto scaffolds at a density of -3.6x10 4 cells/cm 2. Scaffolds were incubated
for 3 hours at 37 0C, transferred to 30mL polypropylene tubes with 6mL of culture media and
incubated at 37 0C, 5% CO 2. For experiments requiring free cells, cells were recovered by
digestion in collagenase IV in 1:1 ECGM2:PBS at 37C. After gelatin scaffolds were completely
digested, cells were recovered by centrifuging.
Preparation of Scaffolds for Staining
Scaffolds were cultured for the desired period of time, rinsed with PBS and fixed with
4% paraformaldehyde overnight at 40 C. All subsequent steps were carried out on ice or at 40C.
Following fixation, scaffolds were washed 3x 5 minutes with PBS followed by a 10 minute
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incubation with 200mM glycine in PBS to quench remaining free aldehyde groups. Scaffolds
were again washed 3x 5 minutes with PBS and then transferred to ice cold 18% sucrose in PBS
for 3 hours, followed by ice cold 30% sucrose for an additional 3 hours. Scaffolds were then
washed thoroughly with PBS and flash frozen with liquid nitrogen.57 Sections with a thickness of
20-60pm were cut using a cryotome and captured on positively charged slides. (SuperFrost Plus,
VWR) Sections were stored at -80 0 C for up to 3 weeks before staining.
Actin and Immuno-staining
Slides were allowed to reach room temperature and a PAP pen (Electron Microscopy
Sciences) used to create a hydrophobic barrier around each section. Sections were washed twice
with PBS and then permeabilized with 0.2% Triton X-100 in PBS for 10 minutes. Sections were
blocked for 1 hour in 1% BSA + 20% goat serum in PBS. Cells were immediately incubated in
primary antibody to PCAM (1:50, mouse anti-porcine CD3 1, Serotec) in 1%BSA/PBS overnight
at 40C in a humidified chamber. Sections were then washed 3x five minutes with 1 %BSA/PBS
and incubated 1 hour in the dark at room temperature with a fluorescent secondary antibody
(Alexa 488 conjugated goat anti-mouse IgG, 1:75, Invitrogen) in 1%BSA/PBS. In some cases a
1:200 dilution of rhodamine phalloidin was added to the secondary antibody solution. Finally,
sections were washed 3x five minutes with PBS and coverslipped using a fade resistant mounting
medium containing DAPI, a blue fluorescent nuclear stain (Vectashield with DAPI, Vector).
Stained samples were stored in the dark at 40C until imaged.
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Imaging and Actin Quantification
Sections were imaged using a Perkin-Elmer spinning disk confocal microscope at 63X
magnification with an oil immersion lens. Samples were imaged at z-intervals of 1 pm. the
resulting z-stack was turned into a maximal intensity z-projection image using ImageJ software.
For quantification of actin staining intensity only, samples were imaged using a Zeiss LSM 510
confocal microscope at 40X magnification with a water immersion lens. After the creation of a z-
projection image, ImageJ was used to select only those areas of the image representing cells, and
the average pixel intensity of image quantified. The average of 10, 40x fields was used to
calculate actin intensity for each scaffold type.
Cell Growth
8mm diameter scaffold discs of each type were prepared and seeded with 2x10 4 HAEC.
Scaffolds were cultured for up to 28 days under normal conditions. On days 0, 2, 5, 8, 12, 16, 21
and 28, cells were recovered from 3 scaffolds of each type and counted using a Coulter Counter.
Cell number was plotted as a function of both time and modulus. Growth rate for each scaffold
type was determined to be the slope of the linear regression of the cell number vs. time curve
during the growth phase (days 5-2 1).
Conditioned Media Preparation
Endothelial cell conditioned media was prepared for use in assays of secreted factors and
for smooth muscle cell inhibition experiments. For non-immune assays, a low serum conditioned
media was prepared to reduce interference from factors contained in FBS. This conditioned
media was prepared by washing confluent, 12mm scaffolds with serum free medium for 3x 10
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minutes, followed by incubation in 3.5mL endothelial cell basal medium 2 (ECBM2, Promocell)
supplemented with 0.5% FBS and antibiotics for 24 hours. Conditioned medium was then
collected, centrifuged to remove any particulates, and the supernantant frozen at -80C until use.
Cells were recovered from scaffolds and counted using a Coulter Counter.
Assays of Growth Regulatory Factors
Endothelial cell secretion of several growth regulatory factors was examined. Low serum
conditioned media was assayed for TGF-P I, FGF2, and PDGF. All were measured using
colorometric ELISAs from R&D according to kit directions.
Glycosaminoglycan and Heparan Sulfate Proteoglycan Assay
The concentrations of sulfated glycosaminoglycans and heparan sulfate proteoglycans
(which have been implicated in the smooth muscle cell growth inhibition function of endothelial
cells) were measured using a DMB assay as described in Chapter 2.
Smooth Muscle Cell Inhibition
The effect of EC conditioned media on smooth muscle cell proliferation was measured
using a radioactive thymidine incorporation assay. Human aortic smooth muscle cells (HASMC)
were purchased from Promocell and cultured at 37C, 5% CO 2 in DMEM supplemented with 5%
calf serum (CS), penicillin-streptomycin (PS) and glutamine.
For inhibition experiments, HASMCs were sparsely seeded in 48 well plates, allowed to
attach overnight, washed twice with PBS, and then starved for 24 hours with DMEM
supplemented with 0.1% CS and PS. Following starvation, culture medium was replaced with
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either low serum endothelial cell conditioned medium (n = 3, in duplicate) or fresh
ECBM2+0.5% FBS+PS (n = 3, in duplicate) and all wells then adjusted to 5% total serum. After
24 hours, to measure proliferation, 3H-thymidine was added to each well to a concentration of
I ptCi/mL and the cells incubated an additional 6 hours. Cells were then washed 3x with ice cold
PBS followed by incubation with 10% trichloroacteic acid in PBS for 30 minutes at 4C. Cells
were washed 2x with 95% ethanol and solubilized with 0.1% SDS in 0.25N NaOH. The lysate
was transferred to scintillation vials with UltimaGold LSC cocktail and 3H-thymidine
incorporation measured using a liquid scintillation counter and QuantaSmart software. Results
were expressed as a percent decrease in 3H-thymidine incorporation vs. control medium, either
per scaffold or normalized to endothelial cell number.
Integrin and Extracellular Matrix Gene Expression
The effect of the substrate modulus on cell attachment, gene expression of various
adhesions molecules (integrins) and extracellular matrix proteins was examined. After 12 or 21
days of culture, 49.9Pa, 173Pa and 1345Pa scaffolds were rinsed with PBS, flash frozen with
liquid nitrogen and cut into thin sections using a cryotome. Total RNA was extracted from the
cut scaffolds using an RNeasy Mini Kit with on column DNase treatment (Qiagen, Valencia,
CA) according to kit directions, except that the volume of lysis buffer was increased to I mL to
accommodate the volume of the scaffold. Complementary DNA was synthesized by reverse
transcription using the TaqMan reverse transcription reagents from Applied Biosystems (Foster
City, CA). Real-time PCR analysis was performed with an Opticon Real Time PCR Machine
(MJ Research, see Table 2 below for settings) using the SYBR Green PCR Master Mix Reagent
Kit (Applied Biosystems) and primers purchased from Invitrogen. (Table 3) Melting curves were
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done and examined to ensure that only the transcript of interest was amplified during the PCR
reaction, and only those genes with good melting curves were subsequently analyzed. Transcript
copy numbers were calculated from the C(t) value measured by the Opticon software.
Cycles Temperature Time
1 50 0C 2 min
1 95 0C 10 min
95 0C 15s
40 60 0C 1 min
Table 2: PCR Settings. These settings were used with the MJ Opticon PCR machine for RT-
PCR analysis of endothelial cell gene expression.
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Gene Forward (5' + 3') Reverse (5' 4 3')
GAPDH GGCCTCCAAGGAGTAAGACC AGGGGTCTACATGGCAACTG
ITGA5 GTCGGG GGCTTCAACTTA GAC CCTGGCTGGCTGGTATTAGC
ITGA6 GTTTTGTTTCCTCCCCTATCTGTAT GCTCCCCATATAACTTAACATTGTG
ITGAV AACTCAAGCAAAAGGGAGCA GGGTTGCAAGCCTGTTGTAT
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Table 3: PCR Primers. All primers were designed with Primer3 and purchased from Invitrogen.
Integrin Flow Cytometry
Two important endothelial cell integrins, aOfP3 and as (found as 04p1 in endothelial cells)
were measured using flow cytometry to see how substrate modulus affects their expression.
Endothelial cells were grown on the full range of scaffolds until confluence and the cells
recovered by collagenase treatment. These cells were washed 2x with ice cold PBS + 2% heat
inactivated FBS + 0.09% sodium azide (Cell Staining Buffer, BD). 3x1 05 cells from each sample
were resuspended in 1 00ul of staining buffer and the appropriate volume of FITC conjugated
antibody (mouse anti-human integrin Cas or mouse anti-human integrin aVp3). After briefly
vortexing to mix, cells were incubated on ice for 45 minutes in the dark with shaking. Cells were
then centrifuged and washed 2x with ice cold staining buffer to remove excess antibody. Finally,
Page 62 of 139
cells were resuspended in 500pil of 1% paraformaldehyde in PBS. 104 cells were analyzed by
flow cytometry using a FACScalibur intstrument and CellQuest software (Becton Dickinson, San
Diego, CA). All samples were compared to similarly prepared cells stained with the appropriate
FITC conjugated isotype controls.
Statistics
Statistical analyses were performed with Prism (GraphPad) or Excel (Microsoft)
software. Data are expressed as mean +/- SEM unless noted. Comparisons between groups were
made by ANOVA followed by Tukey's multiple comparison test. A value of p < 0.05 was
considered statistically significant.
RESULTS
Scaffold Mechanical Properties are Related to Treatment
Three different methods were examined to alter the mechanical properties of Gelfoam.
The first method, heat treatment, yielded only small changes in compressive modulus of
Gelfoam. (Figure 20) Non-heat treated Gelfoam had a modulus of 297.1 +/- 21.9 Pa. Gelfoam
treated for 6 hours at 145C had a modulus of 348.7 +/- 6.9 Pa. Gelfoam treated for 24 hours at
145C had a modulus of 358.9 +/- 16.9 Pa. There was a maximal difference of only ~20% with 24
hours of heat treatment, likely due to the fact that the heat used to cross-link the Gelfoam was
already close to saturation prior to treatment.
The second method used to alter the mechanical properties of Gelfoam was crosslinking
using a carbodiimide solution. (Figure 21) With this treatment method, scaffold modulus was
dependent on crosslinker concentration (p < 0.0001 by ANOVA). Unmodified Gelfoam had a
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hydrated modulus of 173 +/- 5.9Pa which could increased to 1345 +/- 34.5Pa by treatment with
54.0/22.0 EDAC/NHS mM solution. This is a nearly eight fold increase in modulus over the base
scaffold - a much larger range than provided by heat treatment. Additionally, the increase in
scaffold modulus with EDAC/NHS treatment was linearly related (r2=0.98) to the concentration
of cross-linker used, allowing easy creation of scaffolds with a desired modulus. (Figure 22)
The final method used to alter the modulus of Gelfoam involving autoclaving matrices to
break protein-protein bonds and reduce scaffold stiffness. (Figure 21) Ten minutes of
autoclaving was sufficient to reduce the modulus of Gelfoam from 173 +/- 5.9Pa to 68.7 +/- 12.9
Pa. Twenty minutes of autoclaving further reduced the modulus to 49.9 +/- 16.7 Pa - a -71%
reduction in modulus from the base material. It should be noted that scaffolds autoclaved for 20
minutes are extremely fragile and easily damaged even with normal handling.
By using the carbodiimide and autoclaving methods, it was possible to create a set of
scaffolds with a 26 fold difference in modulus between the softest and stiffest scaffolds.








Length of Heat Treatment (145C)
Figure 20: Effect of Heat Treatment on Gelfoam Scaffold Modulus. Although heat treatment
offered tight control over scaffold modulus, only small absolute (and relative) changes were able
to be achieved.
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Figure 21: Effect of Autoclaving and Carbodiimide Crosslinking on Gelfoam Scaffold
Modulus. By combining autoclaving and crosslinking methods, a 26x difference in modulus
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Figure 22: Scaffold Modulus is Linearly Related to Crosslinker Concentration. EDAC
concentration is directly related to scaffold modulus (r2 = 0.98), allowing the easy creation of
scaffolds of any modulus within this range. (Note that the ratio EDAC:NHS stays constant
through all treatments.)
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Endothelial cells on scaffolds have normal morphology and can be visualized using confocal
imaging techniques.
Endothelial cells on scaffolds were prepared for confocal imaging by fixing,
cryoprotecting, flash freezing, sectioning and immunostaining. Using this multi-step technique, it
was possible to directly image cells within the scaffold. PECAM antibody staining revealed
colonies of endothelial cells in cobblestone-like patterns within scaffolds. (Figure 23) Although
cells reached a quiescent state, as seen by the cessation of cell proliferation after day 21, they did
not populate all available surfaces within the scaffold, instead forming islands of cells, not all of
which were interconnected. These islands were found throughout the scaffold, but were much
more extensive along the periphery of the scaffold, where cell networks tended to be much larger
than in the interior of the scaffold. Cells grew on both the flat surfaces of pore walls and wrapped
around thinner struts. Images below show cells on 49.9Pa and 1345Pa scaffolds.
Page 67 of 139
Figure 23: Endothelial Cells in Scaffolds Grow in a Normal Cobblestone Pattern.
Endothelial cells in 49.9Pa (A,B) and 1345Pa (C,D) scaffolds expressed a normal cobblestone
morphology with PCAM expressed at their edges. Cells can be seen growing in relatively flat
islands (B,C) as well as wrapped around pore walls and struts (A,D). Stress fibers are visible in
most cells, regardless of the scaffold modulus.
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Actin cytoskeleton is similar across scaffolds.
Actin intensity was quantified in 10 40x fields for 49.9Pa and 1345Pa scaffolds. Some
qualitative differences were seen in endothelial cells on different matrices. Some cells on 1345Pa
scaffolds appeared to have more stress fibers than cells on 49.9Pa scaffolds, although both cell
types had prominent stress fibers. (Figure 23) However, when total actin was quantified, average
pixel intensity per area within each rhodamine phalloidin stained cell, the overall level of actin
was identical between the two types of scaffolds. (Figure 24) Rhodamine phalloidin stains
filamentous actin only, and staining is brighter when larger stress fibers are present. That the








Figure 24: Average Brightness of Rhodamine Phalloidin Stained Cells is Independent of
Scaffold Type. The average pixel intensity of actin staining with cells was measured and
unchanged between 49.9Pa and 1345Pa scaffolds. (p = 0.985)
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Endothelial Cell Growth Rate and Cell Number is Affected by Scaffold Modulus
Endothelial cells proliferated and reached confluence in all scaffolds by ~21 days. (p =
NS for difference between cell numbers on day 21 and day 28 by t-test for all scaffold types.) In
all scaffolds, cell number began to increase slowly between days 2-5. (Figure 25) Cell number at
confluence (day 21) was dependent on modulus (p < 0.0004 by ANOVA). Cell number was
highest on scaffolds of 508Pa, with a 831.9 +/- 0.116 x10 3 cells. Cell number decreased at both
higher and lower scaffold moduli, reaching 387.5 +/- 1.194 x, 03 cells on 49.9Pa scaffolds, and
518.0 +/- 0.127 x, 03 cells on 1345Pa scaffolds. (Figure 26) The large error bars on the 49.9Pa
scaffold cell number can likely be attributed to the fragility of the scaffolds -just the act of
removing the scaffold from media to count cells was enough to damage the scaffolds in some
cases, causing error in the measurements.
By day 5, growth rate (Figure 27) became nearly linear, and could be approximated by a
straight line for all scaffolds. Growth rate was dependent on scaffold modulus (p <0.0001 by
ANOVA) and followed a similar pattern to cell number, with 0.297 +/- 0.014 x10 3 cells per day,
0.469 +/- 0.033 x10 3 cells per day, and 0.264 +/- 0.051 x10 3 cells per day on scaffolds of
1345Pa, 508Pa, and 49.9Pa respectively. All pairs of cell growth rate were statistically different
(p < 0.05 by Tukey's post test) except for 173Pa vs. 68.7Pa and 508Pa vs. 376.3Pa.
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Figure 25: Cell Number vs. Days Growth. Cell number begins to increase between days 2-5
for all scaffolds. Rate of cell growth increases around day 5 and becomes nearly linear through


















Figure 26: Cell Number Versus Modulus. Each line represents a different time point (labeled
with days of culture next to each line). Cell numbers at day 21 and 28 are not statistically
different. Maximum cell number is reached on 508Pa scaffolds.
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Figure 27: Growth Rate is Dependent on Scaffold Modulus. (p < 0.0001) Growth rate,
calculated as the slope of the growth curve between days 5-21, peaked at 508Pa. All pairs of
rates are statistically difference (p < 0.05 by Tukey's post test) except 173Pa vs. 68.7Pa and
508Pa vs. 376.3Pa.
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Secretion of Growth Factors
TGF-p1 in conditioned media was measured using a colorometric ELISA kit and
normalized to cell number. (Figure 28) TGF-bl levels ranged from 2289 +/- 123 pg/I 06 cells on
1345Pa scaffolds up to 2826 +/- 184 pg/10 6 cells on 376Pa scaffolds. The differences were
relatively small, and the differences between scaffolds were not significant. (p = 0.795 by
ANOVA), indicating that scaffold modulus did not effect its secretion. In fact, the total TGF-P1
secreted by each scaffold was linearly related to cell number in the scaffold (r2 = 0.948). (Figure
28)
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Figure 28: TGF-s1 versus modulus and cell number. Top: TGF-bl secretion is not affected
by scaffold modulus. Differences in TGF-bl secretion were small and not significant (p = 0.878
by ANOVA) Bottom: Total TGF-bl secreted by each scaffold is linearly related to cell number.
(r2 = 0.948)
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FGF2 in conditioned media was measured using a colorometric ELISA kit and
normalized to cell number. (Figure 29) FGF2 levels ranged from 228.0 +/- 34.9 pg/10 6 cells on
68.7Pa scaffolds up to 363.9 +/- 7.6 pg/10 6 cells on 1062Pa scaffolds. The differences were
relatively small but were statistically significant. (p = 0.005 by ANOVA), indicating that scaffold
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Figure 29: FGF2 Secretion is Dependent on Scaffold Modulus. FGF2 significantly varies
with modulus (p = 0.005 by ANOVA). A parabolic curve can be fit to the data with r2=0.767.
Page 75 of 139
PDGF-BB in conditioned media was measured using a colorometric ELISA kit and
normalized to cell number. (Figure 30) PDGF-BB levels ranged from 122.3 +/- 8.6 pg/10 6 cells
on 173Pa scaffolds up to 229.7 +/- 12.0 pg/I 06 cells on 1062Pa scaffolds. The differences were
relatively small, but the differences between scaffolds were significant. (p = 0.01 by ANOVA),
indicating that scaffold modulus does effect its secretion. Although there were differences in
secretion between groups, there was no apparent correlation with scaffold modulus, and only one
pair of scaffolds is statistically different by Tukey's post test (1 73Pa and 1062Pa). In fact, the
dependence of PDGF-BB secretion on scaffold modulus is completely due to one point: 173Pa.
When this point is removed, ANOVA gives a value of p = 0.174 for differences between groups.
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Figure 30: PDGF-BB Secretion. PDGF-BB secretion is dependent on modulus (p 0.01 by
ANOVA). However, there does not appear to be any correlation between modulus and secretion,
and the dependence on modulus disappears if one point (*) is removed from the analysis.
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Heparan Sulfate Proteoglycan Secretion is Dependent on Modulus
Total sulfated glycosaminoglycan (GAG) and heparan sulfate proteoglycan (HSPG), a
sulfated glycosaminoglycan secreted by confluent endothelial cells, which inhibits the growth of
smooth muscle cells, was measured using a DMB assay. Both total GAG and HSPG secretion
were dependent on scaffold modulus (p < 0.0000 1 for GAG and p = 0.03 for HSPG, by
ANOVA). (Figure 31) Both GAG and HSPG followed the same general pattern, with the highest
levels found in the softest scaffolds (68.7Pa and 49.9Pa), with levels then decreasing and
plateauing. The maximum level of total GAG measured was in the 49.9Pa scaffold, at 10.6 +/-
1.2 jtg/10 6 cells, and the minimum level was 4.4 +/- 0.2 pg/10 6 cells at a modulus of 508Pa. The
maximum level of HSPG measured was 8.8 +/- 1.6 tg/l0 6 cells at 49.9Pa, and the minimum
level of HSPG was 4.6 +/- 0.4 tg/10 6 cells at 508Pa.
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Figure 31: GAG and HSPG Versus Modulus. Top: Total GAG was dependent on modulus (p
< 0.0001 by ANOVA). Secretion was highest at low moduli, and then dropped to a plateau.
Bottom: HSPG was also dependent on modulus (p = 0.03 by ANOVA). Again, secretion was
highest at low moduli, with a plateau starting around 173Pa.
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Smooth Muscle Cell Inhibition is Dependent on Modulus
Inhibition of smooth muscle cell proliferation by endothelial cell conditioned media was
measured using a 3H thymidine incorporation assay. The inhibition of smooth muscle cell
inhibition by endothelial cell conditioned medium (vs. control medium) was strongly dependent
on scaffold type, both when normalized to endothelial cell number (p < 0.0004) and when
expressed as inhibition per scaffold (p < 0.0006). (Figure 32)
When normalized to cell number (as a measure of the inhibitory potential of each cell
within the scaffold), inhibition is highest for the softest scaffold (97.5 +/- 22.1 % per 106 cells)
and drops with increased modulus, until a plateau is reached at -376Pa (32.2 +/- 2.8 % per 106
cells). The minimum inhibition is seen at 508Pa, with inhibition of 20.0 +/- 0.6 % per 106 cells.
The inhibition curve can be approximated by a power curve with an r2 = 0.79. These data
indicate that the inhibitory potential of cells is highest at low moduli, and then decreases until a
plateau is reached at higher moduli.
These data correlate well with the HSPG secretion data presented earlier. There is a linear
relationship between HSPG secretion and smooth muscle cell proliferation inhibition normalized
to cell number (r2 = 0.799). (Figure 33) This correlation becomes even stronger (r2 = 0.933) if the
common "plateau" region of inhibition and HSPG secretion (I062Pa and 1345Pa) is removed
from the analysis, suggesting that at high moduli, factors other than HSPG may play a role in the
inhibitory potential of endothelial cells.
When data are expressed as decrease in smooth muscle 3H-thymidine incorporation per
scaffold, inhibition peaks at an intermediate modulus of 173Pa, with 51.8% +/- 3.6% inhibition.
Inhibition then dropped off at both higher and lower moduli, reaching a low of 21.2 +/- 0.8% at a
modulus of 1345Pa.














) 200 400 600 800
Modulus (Pa)
Figure 32: Smooth Muscle Cell Inhibition Versus Modulus. Top: Inhibition normalized to
endothelial cell number. Inhibition at low modulus appears to be modulus dependent, while it is
modulus independent at higher moduli. Bottom: Inhibition per scaffold (not normalized to cell
number). Maximal inhibition occurs at an intermediate modulus, 173Pa, and drops off at both
lower and higher moduli.
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correlation improves to r2 = 0.933 (Bottom) when "plateau" points are removed, indicating other
factors may be involved in this region.
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Factor Function Shape of Fit Peak
Cell Number at 5951Pa
Confluence
Growth Rate 517Pa
TGF-P1 Modulates growth and ECM N/A
deposition
FGF2 Induces cell growth 816Pa
PDGF-BB Induces cell growth N/A
HSPG Inhibits smooth muscle cell 50Pa
growth
Normalized SMC In vivo, ECs inhibit SMC 50Pa
Inhibition proliferation, preventing
Non-Normalized intimal hyperpnasia 173Pa
SMC nhibtion (overproliferation of SMC
into vessel lumen)
Table 4: Summary of Cell Growth and Secretion Data From Chapter 3. Peak refers
to the peak of the curve fit to the relevant data unless it occurs at the end of the range of
modulus (i.e. 5OPa or 1345Pa).
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Extracellular Matrix Protein Gene Expression is a Function of Modulus and Changes
with Confluence.
To determine if the mechanism by which functional changes are induced in
endothelial cells is related to changes in the cell-substrate interface, expression of
extracellular matrix genes was examined using RT-PCR. Gene expression was examined
at 12 days, before cells reached confluence, and at 21 days, after confluence was reached.
At both time points some extracellular matrix genes were differentially expressed on
different scaffold types. Only three scaffold moduli were used in this set of experiments:
49.9Pa, 173Pa and 1345Pa. All data for each gene were normalized to the average 49.9Pa
scaffold expression for that gene. N = 6 for all. Data was analyzed by ANOVA followed
by Tukey's post test. A value of p <0.05 was considered significant. Versican, decorin,
MMP9 and tenascin data were not used in analysis, as the melting curves for these
primers showed multiple peaks.
Analysis of day 12 RT-PCR data showed that there were small (generally a
change of less than 50% of the value of 173Pa scaffold expression) but statistically
significant differences in the expression of some extracellular matrix genes in endothelial
cells grown on scaffold of different moduli. The data are summarized in the graphs
below. Collagen, one of the major structural proteins of the endothelial extracellular
matrix, was differentially expressed on different scaffolds. Collagen IV, 00 (the most
abundant collagen in endothelial cell matrix) was expressed significantly more on 173Pa
scaffolds than on 49.9Pa or 1345Pa scaffolds. Collagen IV, aC5 was expressed statistically
significantly more on 173Pa scaffolds than on 49.9Pa scaffolds. Collagen III, aXl was
expressed statically significantly more on 173Pa scaffolds than on 1345Pa scaffolds. In
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general, collagens seem to be upregulated on 173Pa scaffolds compared to other scaffold
moduli. (Figure 34)
Other matrix protein genes were also differentially expressed. Expression of the
non-heparan sulfate proteoglycan core protein biglycan was statistically lower on 1345Pa
scaffolds than on 173Pa or 49.9Pa scaffolds. Fibrillin expression was statistically higher
on 1345Pa scaffolds than on 49.9Pa ones. Elastin, which would be expected to decrease
the stiffness (and therefore modulus) of a substrate, was expressed statistically
significantly more on 1345Pa scaffolds than either 49.9Pa scaffolds or 173Pa scaffolds.
This was the largest difference seen, with over a two-fold change between the two softer
scaffolds and the 1345Pa one. (Figure 35)
In addition to the matrix protein genes themselves, genes for enzymes which
control remodeling of the matrix were also affected. MMP2 expression was significantly
higher on 173Pa scaffolds than on 1345Pa scaffolds. TIMP2 expression was significantly
higher on 173Pa scaffolds than on either 49.9Pa or 1345Pa scaffolds. And MT1 -MMP
expression was higher on 173Pa scaffolds than on 49.9Pa scaffolds. These data suggest
than extracellular matrix turnover was occurring more on 173Pa scaffolds than on the
49.9Pa or 1345Pa scaffolds, which corresponds to the growth rates measured for these
scaffold types. (Matrix turnover would be expected to increase as cell proliferation
increased.) (Figure 36)
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Figure 34: Collagen Gene Expression Is Altered With Scaffold Stiffness at Day 12.
Expression of collagen IV al, collagen IV a5, and collagen III c*I were all affected by
scaffold modulus. Expression was measured by RT-PCR. n = 6 for all. Data analyzed by
ANOVA followed by Tukey's post test.
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Figure 35: Other Extracellular Matrix Genes Were Affected By Scaffold Stiffness,
As Well. Biglycan was down regulated on 1345Pa scaffolds, while elastin was up
regulated. Fibrillin was higher on 1345Pa scaffolds compared to on 49.9Pa ones.
Expression was measured by RT-PCR. n = 6 for all. Data analyzed by ANOVA followed
by Tukey's post test.
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Figure 36: Genes Controling Matrix Remodeling Are Affected By Scaffold Modulus.
MT1 -MMP, MMP2, and TIMP2 were all upregulated on 173Pa scaffolds. This follows
the pattern of cell growth rate. Expression was measured by RT-PCR. n = 6 for all. Data
analyzed by ANOVA followed by Tukey's post test.
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Analysis of day 21 (confluence) RT-PCR data showed that there were small but
statistically significant differences in the expression of some extracellular matrix genes in
endothelial cells grown on scaffolds of different moduli (Figures 37-39 below). Some
collagens were differentially expressed on different scaffolds. Collagen IV, al and
collagen IV, a5 were expressed statistically significantly more on 49.9Pa scaffolds than
on 1345Pa scaffolds. (Figure 37) Fibronectin expression was statistically higher on
49.9Pa scaffolds than on either 173Pa or 1345Pa scaffolds. Perlecan, a proteoglycan
normally attached to heparan sulfate, was expressed at higher levels on 49.9Pa scaffolds
than on 173Pa or 1345Pa scaffolds. Biglycan was statistically significantly upregulated
on 49.9Pa scaffolds compared to 134Pa scaffolds. Elastin expression was statistically
significantly higher on 1345Pa scaffolds compared to on 173Pa. (Like with subconfluent
scaffolds, this was the largest fold change seen.) Finally, fibrillin was down regulated
statistically significantly on 1345Pa scaffolds compared to 49.9Pa ones. (Figure 38)
Genes for proteins involved in matrix remodeling were also affected by scaffold
modulus. TIMPI and TIMP2 were both upregulated statistically significantly on 1345Pa
scaffolds compared to 173Pa scaffolds, and TIMP2 was also upregulated on 1345Pa
scaffolds compared to 49.9Pa ones. (Figure 39)
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Figure 37: Collagen Gene Expression Is Altered With Scaffold Stiffness at Day 21.
Expression of collagen IV ctl and collagen IV ci5 were up regulated on 49.9Pa scaffolds
compared to 1345Pa ones. Expression was measured by RT-PCR. n = 6 for all. Data
analyzed by ANOVA followed by Tukey's post test.
N 49.9Pa E173Pa 0 1345Pa
# = 49.9Pa vs. 173Pa, p < 0.05
$ = 49.9Pa vs. 1345Pa, p < 0.05
% = 173Pa vs. 1345Pa, p < 0.05
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Figure 38: Other Extracellular Matrix Genes Were Affected By Scaffold Stiffness,
As Well. Fibronectin, perlecan and biglycan were down regulated on stiffer (1 73Pa,
1345Pa) scaffolds, while elastin was up regulated on 1345Pa scaffolds. Fibrillin was
higher on 49.9Pa scaffolds when compared to on 1345Pa ones. Expression was measured
by RT-PCR. n = 6 for all. Data analyzed by ANOVA followed by Tukey's post test.
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Figure 39: TIMP Expression Is Affected By Scaffold Modulus. TIMPI and TIMP2
were upregulated on 1345Pa scaffolds compared to softer ones. MT1-MMP and MMP2
were not effected. Expression was measured by RT-PCR. n = 6 for all. Data analyzed by
ANOVA followed by Tukey's post test.
Although there are statistically significant differences in expression of several
major extracellular matrix proteins, including collagen IV, fibronectin and perlecan,
between matrices of different moduli, the ratios of these proteins are largely unchanged.
(Figures 40-41 below) The ratios of the various collagen IV chains are not statistically
different. Similarly, the ratio of collagen IV cc to other common ECM proteins -
including fibronectin, laminin, biglycan and perlecan - is unchanged with scaffold
modulus. The ratios of fibronectin to biglycan, and collagen IV al to elastin and fibrillin
do change with scaffold modulus. Still, the ratios of the major constituents of the
extracellular matrix appear to be fairly consistent among scaffolds, meaning that while
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the amount of ECM is changing, its composition is similar. None of the scaffolds are
causing the cells to produce a grossly changed or pathologic ECM.
Matrix remodeling gene (MMP2, TIMP1, TIMP2, MTI-MMP) ratios are largely
statistically unaffected by scaffold modulus. However, the ratio of MMP2:TIMP2 was
statistically significantly lower on 1345Pa scaffolds than on 49.9Pa scaffolds. (Figure 42)
TIMP2 is capable of potentiating the activation of MMP2 by MTI-MMP as well as
inhibiting the active molecule. 58 The effect of the change in ratio of the two seen here on
MMP2 activation is unknown and depends on the actual concentrations of the molecules
around the cells. This data, together with the ECM gene ratio data, suggests that the cell
and its ECM secretory/remodeling mechanism is not being changed at afundamental
level, but that, rather, the changes are a matter of degree and level of stimulation.
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Figure 40: Ratio of Collagen IV Gene Expression to Other Major ECM Genes Is
Largely Unchanged With Scaffold Modulus. The expression ratios of the various
collagen IV chains is unchanged with scaffold modulus. The ratio of collagen IV cal to
other major extracellular matrix proteins is generally not statistically significant. The
exceptions are the ratio of Collagen IV al to fibrillin (173Pa > 1345Pa, p < 0.05) and
















Figure 41: Ratios of Other
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Also Largely Unchanged by
Scaffold Modulus. The ratio of laminin gene expression to other ECM proteins is not
statistically significantly different with different scaffold moduli. The ratio of fibronectin
to perlecan is not statistically different on different moduli, but the ratio of fibronectin to
biglycan is statistically higher on 1345Pa scaffolds than on 49.9Pa scaffolds.




$ = 49.9Pa vs. 1345Pa, p < 0.01





Figure 42: Ratios of Matrix Remodeling Genes Are Largely Unaffected By Scaffold
Modulus. However, the ratio of MMP2:TIMP2 is statistically higher on 49.9Pa scaffolds
than on 1345Pa scaffolds. Depending on the concentration, TIMP2 can either inhibit
MMP2 or potentiate its activation by MTI MMP. 5s
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Integrin Expression is Dependent on Scaffold Modulus
Integrin gene expression at confluence was studied using RT-PCR. Cell surface
expression was studied using flow cytometry. Some types of integrins are down regulated
as substrate modulus increases, while others are not affected. RT-PCR was used to
examine gene expression in confluent endothelial cells of integrin subunits, X5, U6, Cav, Pi
and P3. (These are normally found complexed as a0 1, avP3 and (p13 in endothelial
cells.) (Figure 43) Subunit x5 was up regulated on 49.9Pa scaffolds compared to either
173Pa or 1345Pa scaffolds. Subunit P, was also upregulated on 49.9Pa scaffolds
compared to 1345Pa ones. Gene expression of other integrin subunits were not affected
by scaffold modulus.
In addition to RT-PCR, cell surface expression of integrins Cs and avf3 was
examined using flow cytometry. Like with RT-PCR, integrin expression generally
decreases as substrate modulus increases. a5 was expressed by 100% of cells, but the
level of expression decreased exponentially with increasing modulus (r 2 = 0.93) from a
high of 547 +/- 87.6 fluorescence units for 173Pa scaffolds to 252 +/- 1.4 fluorescence
units on 1345Pa scaffolds. (Figure 44) This drop was statistically significant (p < 0.001
by ANOVA). Expression of C4p3 also decreased with increasing modulus, but followed a
different pattern. (Figure 45) All cells which expressed cavP 3 did so at approximately the
same level, but the number of cells which expressed this integrin decreased slightly with
increased modulus. A maximum of 96.3 +/- 0.1% of cells expressed a3P3 at 68.7Pa, and
dropped to 79.3 +/- 1.6% of cells at 1345Pa. This drop was statistically significant by
ANOVA (p < 0.001). Tukey post analysis shows that the scaffolds can be divided into
two groups: scaffolds with moduli of 49.9-376Pa and scaffolds with moduli 508-1345Pa.
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Within each group, the percentage of aA3 positive cells is not statistically different, but
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Figure 43: Integrin Gene Expression Is Affected By Scaffold Modulus: Integrin a5
expression is statistically higher on 49.9Pa scaffolds than on either 173Pa or 1345Pa
scaffolds. Integrin bI expression is higher on 49.9Pa scaffolds than on 1345Pa scaffolds.
Other integrins were not significantly affected.
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Figure 44: Integrin a5 Cell Surface Expression is Dependent on Modulus. All cells
express as integrin on their surface (Top), but the geometric mean of fluorescence
(Bottom) decreases with increased modulus (p < 0.001 by ANOVA, exponential fit r2
0.935).
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Figure 45: avP3 Cell Surface Expression Depends on Modulus. The percentage of
cells which express avp3 (Top) can be divided into two groups: one at lower moduli, and
one at higher moduli. Fewer cells on scaffolds in the higher modulus group express avb3
compared to the lower modulus group. (p < 0.001 by ANOVA) Expression within each
group is not statistically different by Tukey. The average fluorescence of cells expressing
this integrin is the same regardless of scaffold modulus.




















Previous studies examining the effect of substrate rigidity on endothelial cell
function in three dimensional culture have focused mainly on cell morphology and
attachments. Tubulogenesis and focal adhesion formation are both affected. However, the
effect on cell functionality has not been closely examined. In this work, we have begun to
examine the effect of substrate modulus on the functionality of endothelial cells in 3D
culture, including such aspects as proliferation, integrin presentation, extracellular matrix
production and inhibition of smooth muscle cells.
The Young's modulus of an isotropic, porous structure (E*) depends on three
variables: the density of the scaffold (p*, a factor related to the physical structure of the
scaffold), the density of material from which the material is made (ps), and the modulus




If p* and ps are unchanged, the Young's modulus E* is linearly related to the modulus of
the scaffold material Es. Thus, the Young's modulus can be used as an easy to measure
surrogate for the modulus of the material on which the cells actually sit.
In this work, established techniques utilizing a carbodiimide cross-linker6 0 ,5 6 were
used modify a "base" scaffold (Gelfoam, a commercially available gelatin surgical
sponge) to have an increased, predictable modulus by adding crosslinks to the gelatin
substrate while retaining the same physical structure. Autoclaving broke down some of
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the protein crosslinks inherent in the base material, creating scaffolds with the same
physical structure which were softer than the base material. Between these two
techniques, it was possible to create a series of scaffolds with a 27-fold difference in
modulus and the same chemical and physical structure.
The modulus of the material on which the cells are sitting can also be estimated.
An AFM cantilever technique was used to measure the modulus of a single strut of a
hydrated "base" scaffold (1 73Pa bulk modulus) to be 4387 +/- 1072Pa. Due to technical
issues, only one strut was able to be measured - and only with a large degree of error -
and therefore was not included in this thesis, but this value allows us to estimate the
substrate material modulus for the complete range of Young's moduli used in this work,
since p* and ps were kept constant by the modification techniques used. Es for the range
of Young's moduli used in this work range from 1.27kPa to 34.1 kPa (for the 49.9Pa and
1345Pa scaffold respectively).
The range of substrate material moduli corresponds well with published in vivo
vessel values. Most of the reported mechanical values for blood vessels look at the vessel
as a whole, and the modulus of the endothelial cell extracellular matrix has not been
reported in the literature. However, the modulus of the vessel media (smooth muscle cell
layer), on top of which endothelial cells sit, as measured by AFM nanoindentation is in
the 5-8kPa range - close to the substrate material modulus for the 173Pa scaffold used
in this work.
Many diseases, including atherosclerosis, diabetes and hypertension, can increase
the stiffness (and modulus) of the vessel wall. Although most mechanical values reported
in the literature for these conditions are not directly comparable to those measured in this
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work, the high end of the range of the substrate material moduli approaches the moduli of
atherosclerotic plaques. Reported atherosclerotic plaque moduli span a huge range, from
33kPa up to 2.3MPa62, depending on many factors including the level of fibrosis of the
plaque and the method of measurement used.
The techniques used in this work to alter scaffold modulus allowed us to isolate
the effect of substrate modulus on cellular function. Additionally, the range of substrate
material moduli were estimated to be in a physiologically relevant range, with the 173Pa
scaffold in the same range as a normal artery, and the stiffest scaffolds approaching the
modulus of an atherosclerotic plaque.
In this study, proliferation of endothelial cells was strongly dependent (p<0.0001)
on scaffold modulus. Growth rate was highest on scaffolds of intermediate modulus
(508Pa), and dropped off significantly at high or low moduli. Total cell number at
confluence (21 days) follows the same general pattern as growth rate. It should be noted
that the softest scaffolds studied (49.9Pa) were extremely difficult to handle without
damage, possibly adding to the sharp drop off in growth rate and cell number between the
two softest substrates. These results suggest that there is an optimal stiffness for the
proliferation of endothelial cells in 3D culture. This is somewhat different than what has
been reported in the literature for other cell types. In 2D, many cell types, including
fibroblasts' 8 and smooth muscle cells1 9, proliferate more quickly on stiffer substrates
compared to softer ones, although adult neural stem cells proliferate best on substrates of
intermediate modulus.6 3 Less has been reported about proliferation in 3D, but
chondrocytes are either not affected by modulus54 , or proliferate better on stiff
scaffolds60,17. Similarly, fibroblasts in 3D culture proliferate better on stiff substrates64
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This suggests that endothelial cells may respond differently to modulus than other cell
types, that their "ideal" range of substrate stiffness is narrower, or that determination of
"ideal" scaffold modulus is strongly dependent on the range of moduli investigated.
In addition to cell proliferation, the secretory function of endothelial cells was
also examined. Endothelial cells normally secrete a wide variety of growth and regulatory
factors. These include the growth factors TGF-1, FGF2, and PDGF-BB, which were
examined here. All three growth factors are affected by scaffold modulus in a slightly
different way. PDGF-BB and FGF2 were dependent on modulus. For PDGF-BB,
however, only one pair of scaffolds was statistically different for PDGF-BB (I 73Pa of
1062Pa), and there was no correlation between scaffold modulus and PDGF-BB. FGF2
was also dependent on scaffold modulus by ANOVA. However, in this case, there was a
fairly good correlation between FGF2 and modulus, which followed the same general
pattern as growth rate and cell number (an inverse parabolic curve, with a maximum at
intermediate moduli). TGF-p1 was independent of scaffold modulus. It should be noted,
however, that only total TGF-P3 was measured, not activated TGF-pl. It is possible that
even when total protein is not affected, TGF-P activation is. It is noted in the literature
that mechanical strain, which can be though of as analogous to the changes in the cells
mechanical environment in our system, can change TGF-P activation without changing
total levels."
In addition to examining growth factor secretion, the secretion of heparan sulfate
proteoglycans was also measured. HSPGs, which are a subset of total sulfated
proteoglycans, are necessary for endothelial cell mediated inhibition of vascular smooth
2
muscle cell proliferation. HSPG secretion was dependent on scaffold modulus.
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Secretion was highest at 49.9Pa, and then decreased until a plateau was reached between
approximately 173Pa and 376Pa. The maximum HSPG secretion (per million cells) was
over twice that of the minimum, a difference which could be expected to be functionally
significant.
When used in vivo, matrix embedded endothelial cells exert their effect by
secretion of factors including HSPGs, into the vessel wall, which inhibits the growth of
smooth muscle cells, preventing neointimal hyperplasia. To test whether the differences
in growth factor and HSPG secretion with scaffold modulus are functionally significant,
endothelial cell conditioned media ability to inhibit smooth muscle cell growth was
measured using a 3H thymidine incorporation assay. 3H thymidine incorporation was
normalized to endothelial cell number, yielding a measure of the inhibitory potential of
individual cells. Inhibition was seen to decrease linearly. As with growth rate, the error
induced by the fragility of the E=49.9Pa scaffolds must be taken into account when
analyzing its cell number normalized inhibition, but r2 = 0.98 between 69-508Pa, with an
increase in modulus, until a plateau was reached with the stiffest scaffolds (E >= 508Pa).
It is interesting to note that the pattern of smooth muscle cell inhibition closely
follows the pattern of HSPG secretion. However, HSPG secretion plateaus at lower
modulus than smooth muscle cell inhibition. This difference may be explained by looking
at FGF secretion as a promoter in addition to HSPG secretion as an inhibitor of smooth
muscle cell proliferation. FGF2 secretion is increased at high moduli compared to very
low moduli. (<=69Pa) This means that at high scaffold modulus, endothelial cells are
secreting not only less inhibitory HSPGs, but also more stimulatory FGF2, further
decreasing their inhibitory potential.
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Clinically, the inhibitory ability of individual cells is less important than the
inhibition caused by the scaffold as a whole. When analyzing the inhibition caused by the
scaffolds as a whole, inhibition increases gradually as stiffness decreases, then plateaus
and then finally drops sharply with the softest scaffolds. This pattern is similar to, but
offset from, the pattern of growth rate.
These data suggest that modulus affects the inhibitory potential of the embedded
endothelial cells in two distinct ways. The first is simply a mass effect. The modulus
controls the number of endothelial cells able that can colonize each scaffold, and
therefore the mass of inhibitory HSPGs produced by the construct as a whole. The second
is an effect on the individual cells. Cells on softer scaffolds have an inhibitory potential,
which is clearly higher than that of cells on stiff scaffolds, caused by both increased
HSPGs and decreased FGF2. Together, these two effects combine to produce a range of
moduli where actual inhibition plateaus. It is interesting to note that Gelfoam, the base
material here that has been used for previous in vivo experiments3 2 34 , falls in the middle
of this plateau, suggesting that no optimization of the scaffold may be needed for
maximal effectiveness in vivo.
Even though the underlying substrate provides the physical support for cell
growth, the cells do not interact directly with it. Instead, cells sit on extracellular matrix
that they themselves produce. To determine if changes in this cell-matrix-substrate
interface correlate with our functional data, extracellular matrix production was
examined. Different ECM gene expression patterns were found in subconfluent cells
compared to confluent cells. In subconfluent cells only a few ECM protein genes were
affected by scaffold modulus. Specifically, collagen IV expression was higher on 173Pa
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scaffolds than on either 50Pa or 1345Pa scaffolds. Similarly, matrix remodeling genes
MTI-MMP, MMP2 and TIMP2 were all expressed at a higher level on 173Pa scaffolds
than on 50Pa or 1345Pa scaffolds. This correlates with cell growth rate, and it is expected
that more proliferatory cells would show increased remodeling of their environment.
In confluent cells, our data show that endothelial cells on softer scaffolds produce
significantly more of several common, key ECM molecules, including the cc and cX
chains of collagen IV, fibronectin, biglycan and perlecan, than cells on stiffer scaffolds.
However, the ratios between these molecules is similar between types of scaffolds,
suggesting that while the cells on softer scaffolds are producing more matrix than those
on stiffer scaffolds, the ECM itself is similar. One ECM gene which did not follow this
pattern was elastin, which was expressed at higher levels on the stiff substrate versus
softer ones, in both confluent and subconfluent cells.
Unlike ECM protein genes, matrix remodeling genes (specifically TIMPI and
TIMP2) were expressed at higher levels on both 50Pa and 1345Pa scaffolds than on
173Pa scaffolds. The remodeling data taken together with the ECM protein data suggest
that it is possible confluent endothelial cells on softer scaffolds may be trying to stiffen
their substrate by producing more structural ECM proteins, while cells on stiffer matrices
may be trying to achieve the opposite affect by producing more elastin - a molecule
which would increase the compliance of their substrate.
Substrate dependent ECM production is found across cell types. Extracellular
matrix formation in various cell types is dependent on the material on which they sit. For
example, fibroblasts5 and embryonic stem cells 65 produce different ECM when cultured
in 2D vs. 3D. Chondrocyte ECM production changes with alterations in 3D structure 50
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and with substrate stiffness 54 . Fibroblasts and endothelial cell differentially remodel their
ECM in 2D when cultured on substrates of varying stiffness.12 Finally, endothelial cells
in vivo differentially express genes for ECM molecules depending on the stiffness of the
31
artery from which they came.
The type of extracellular matrix changes seen in our system - an increase in the
overall amount of ECM but few changes in its composition - suggests that the endothelial
cells are not being changed on a fundamental level. The type of extracellular matrix
produced by endothelial cells corresponds with their functional state. For example, an
extracellular matrix rich in laminin will promote quiescence compared to one rich in
collagen 1, which promotes angiogenesis.66 Similarly, tumor endothelial cells, which are
highly dysfunctional, produce excess collagen I and III. 66 The fact that the extracellular
matrix produced by our endothelial cells is compositionally similar suggests that their
base functionality has not changed.
In addition to extracellular matrix, integrins - the interface between the cell and
the matrix - were examined as well. Two types of integrins were examined in this thesis:
oCaP3 and CasP1. The main target of both of these integrins is fibronectin, one of the ECM
proteins most affected by stiffness, although both bind to other molecules as well. avP3
also binds to vitronectin. It also binds to VEGFR2, and increases the action of VEGF-A.
a4i binds to Tie2 and potentiates the action of angiopoietin, which is involved in the
maturation of blood vessels . CavP3 is generally found in immature focal complexes such
as those found on migrating cells, while Casp tends to be found in the more mature focal
adhesions (which contain proteins such as vinculin, etc. in addition to integrins).67 Both
are involved in angiogenesis, but at different stages. avP3 is found on proliferating cells
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actively forming vessels and is involved in the prevention of apoptosis, while L5fP1 is
associated with the maturation of new blood vessels (a more quiescent phenotype) and is
also found in quiescent EC. 68,69 This is not an either/or situation, however, and
angiogenic cells can express both types of integrins at the same time.
The Cs1 integrin, was expressed less in cells grown on stiff substrates compared
to softer substrates. This was seen both at the gene expression level by RT-PCR data as
well as by flow cytometry. The xv03 integrin, also a fibronectin receptor, was also
affected, though in a different way. Unlike the a 5 p1 integrin, gene expression of avp3 was
not significantly different between scaffolds. Also, with integrin 1A3p, all cells expressed
some amount of the integrin but the level of surface expression (as measured by the
geometric mean of fluorescence recorded by flow cytometry) varied between groups.
Integrin avb3 appeared to he regulated in more ofan on/off fashion All rels which
expressed the protein exhibited similar levels of surface presentation, but the proportion
of cells expressing this integrin varied with stiffness.
The integrin expression results seen in this study differ from the results seen for
other cell types in the literature. Most studies examining the effect of substrate modulus
on integrin and/or focal adhesion expression reported that cells on stiffer substrates tend
to produce more of these molecules. 15 ,8 ,2 1 It is possible that in our system, the effect of
remodeling, in the form of ECM production, outweighs the effect of substrate modulus
itself in affecting integrin expression.
Changes in extracellular matrix gene expression correlate well with changes in
smooth muscle cell inhibition. Gene expression of many extracellular matrix proteins,
including collagen IV oa 1, collagen IV a5, fibronectin, and perlecan, the major core
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protein for HSPGs in endothelial cells, was linearly correlated to smooth muscle cell
inhibition. Although these correlations only involved three points, the fits were excellent,
with r2>=0.95. These strong correlations suggest that scaffold modulus may regulate
extracellular matrix production and smooth muscle cell inhibition through the same
pathways.
Integrin expression and smooth muscle cell inhibition correlate in interesting
ways. Integrin CA3 appears to correlate with smooth muscle cell inhibition, but integrin
cfAi expression levels are especially strongly related to smooth muscle cell inhibition.
There is a linear relationship between both U5 and Pi integrin gene expression and smooth
muscle cell inhibition (r 2 > 0.99 for both). Additionally, when the cell surface expression
levels of a5 integrin are plotted versus smooth muscle cell inhibition or HSPG secretion,
an interesting pattern appears. At the low integrin expression levels of high modulus
scaffolds, inhibition is flat. However, once integrin expression has reached its maximum
and plateaus at low moduli (<= 173Pa), both inhibition and HSPG secretion begin to
increase. (Figure 46) It is should be noted that this region of increasing HSPG secretion
and smooth muscle inhibition correlates with the mechanically sensitive region of the
HSPG/smooth muscle inhibition versus modulus curves as well.
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Figure 45: Smooth Muscle Cell Inhibition Correlates with Integrin a43 1 Expression.
Top: Integrin cC (Left) and Pi (Right) subunit gene expression strongly correlates with
cell number normalized smooth muscle cell inhibition. Bottom: Below a critical integrin
c5 surface expression, smooth muscle cell inhibition is independent of modulus.
Based on the data presented in this chapter, it is possible to propose the following
model for modulus control of endothelial cell function. In vivo endothelial cells are part
of both 2D and 3D structures - they line the interior of blood vessels in a 2D sheet, but
the vessels themselves course through tissues as 3D structures. The endothelial cells in
these 3D structures are subject to several types of mechanical forces and parameters -
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contraction and compression of the surrounding tissue, shear flow on the inside of the
vessel, and the modulus of the surrounding tissue and vessel wall. Normally, endothelial
cells are able to exist in their preferred, low energy state by producing a specific set of
extracellular matrix molecules and integrins to balance these forces. This balanced state
would also correspond to secretion of a specific level of inhibitory and stimulatory
molecules.
In our system this balance has been disturbed by changing the modulus of the
scaffold on which the cells sit. (In vivo the balance may be disturbed by the stiffening of
tumor stroma or the creation of areas of turbulent flow around atherosclerotic plaques, for
example.) In the proposed model (Figure 47), in response to the disturbance, cells attempt
to restore the balance of forces and their preferred basal state by altering their expression
of extracellular matrix and integrins. Changes in integrin number and composition alter
intracellular signaling and have downstream effects on cell function including changes in
secretion of both inhibitory and stimulatory factors. These changes in stimulatory and
inhibitory function are different and do not change in lockstep. Growth stimulatory
function (FGF2, PDGF-BB secretion) is largely conserved, while growth inhibitory
function (heparan sulfate secretion, smooth muscle inhibition) undergoes larger changes.
The magnitude of their change was related to the specific changes in integrin expression
caused by the change in modulus.
The two types of integrins examined in this thesis, afP3 and a5P 1 , are associated
with different cellular phenotypes. avP3 is only associated with a stimulated phenotype:
cells which are actively proliferating and migrating. X51PI on the other hand, can be
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It is these stable, non-proliferating endothelial cells which produce growth inhibitors such
as heparan sulfates.
The actual changes in inhibitor and stimulator secretion were not linearly
correlated to integrin expression. Integrin mediated intracellular signaling is complex and
downstream functions can be affected by many factors, including signals from integrins
not studied in this work and autocrine/paracrine signaling. Rather, the magnitude of
integrin expression alteration corresponds to changes in secretion. In our system, x5fpi
expression alteration was much larger than change in aWP3 with change in modulus. In
turn, the inhibitory secretion associated with a stable, non-proliferating phenotype (like
that of a3p1 expressing cells) was affected more than secretion of growth factors, which
can be associated with a more activated, proliferative phenotype (such as that of c4P3
expressing cells).
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Figure 47: Proposed Model of Control of Cell Function By Substrate Modulus: Top:
Cells exist in balance with the forces of their environment, and express a specific set of
integrins and ECM, and have a given secretory function. Middle: Change in substrate
modulus upsets the balance. Bottom: In response, cells alter ECM and integrin
expression, which has differential downstream effects on growth inhibition and
stimulation based on the new complement of integrins.










Utilizing carbodiimide crosslinked and autoclaved gelatin scaffolds, we isolated the
effect of modulus on endothelial cells cultured in 3D. Substrate rigidity affected
proliferation, growth factor secretion, extracellular matrix production, integrin expression
and inhibition of smooth muscle cell growth. Correlation was observed between integrin
expression and functional smooth muscle cell inhibition. The data support the model that
when the natural balance between the cell and mechanical forces of its environment are
altered, the cell responds by producing an altered ECM and set of integrins. Change in
integrin expression leads to differential downstream effects on stimulatory and inhibitory
secretion. The magnitude of these effects are related to the magnitude of change in
integrin expression. In the next chapter, we begin to explore whether this same type of
response to substrate mechanics is present in the inflammatory response system of
endothelial cells.
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CHAPTER 4: EFFECT OF SCAFFOLD MODULUS ON
RESPONSE TO INFLAMMATORY STIMULI
INTRODUCTION
In Chapter 3 it was found that scaffold modulus affected both the growth
stimulatory and growth inhibitory functions of endothelial cells, mediated by changes in
integrin expression. This raises the question of whether scaffold modulus can modulate
other vascular functions in the same way, or if the effect is limited to growth regulation.
A good target to be regulated in the same manner is the inflammatory system.
Like the growth regulatory system, the endothelial cell inflammatory response consists of
two complementary systems: immune stimulators (cytokines) and response units (surface
receptors such as ICAM-1 and VCAM-1). Additionally, integrin expression is known to
be reled to the activation of the NF-kB pathway, which is involved in the production of
cytokines as well as the expression of surface adhesion molecules such as ICAM and
VCAM.70
In order to answer the question of if and how scaffold modulus affects this
system, we examined several aspects of the endothelial cell inflammatory system.
Cytokine secretion (including MCP-1, IL-6 and IL-8) was examined, as was cell surface
expression of adhesion molecules ICAM and VCAM along with their soluble
counterparts. Finally, changes in endothelial cell inflammatoryfunction were assessed by
examining alterations in the ability of endothelial cells to induce CD4+ T cell
proliferation. Changes in expression of these factors were then compared with changes in
integrin expression in an attempt to discern if inflammation may be regulated in a similar
manner to growth.
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METHODS
Cell Culture and Conditioned Media Preparation
Cells were engrafted onto scaffolds and cultured to confluence as outlined in
chapter 2. Conditioned media from endothelial cells activated with TNF-a (a pro-
inflammatory cytokine) was prepared for use in assays of secreted cytokines. Confluent,
1 x2cm scaffolds were incubated in lOmL full growth media (Endothelial Cell Growth
Medium + 7% FBS + 1% PS) supplemented with IOng/mL TNF-ca for 24 hours.
Conditioned media was then collected, centrifuged to remove any particulates, and the
supernantant frozen at -80C until use. Cells were recovered from scaffolds and counted
using a Coulter Counter.
Cytokine Secretion
To measure how an endothelial cell response to an immune stimulus is modulated
by substrate stiffness, cytokine secretion in response to 1 Ong/mL TNF-a was quantified.
Conditioned media containing full growth supplements plus TNF-cc was prepared as
described above. Conecntrations of several different factors, including IL-6, IL-8, MCP-
1, sICAM and sVCAM, were all measured using ELISAs from R&D according to kit
directions.
Surface Receptor Flow Cytometry
The presentation of ICAM- I and VCAM- 1 - cell surface adhesion receptors for
leukocytes - in response to an immune stimulus was measured by flow cytometry.
Confluent scaffolds were incubated in complete growth media supplemented with
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IOng/mL TNF-o for 24 hours. Scaffolds were then digested with collagenase and cells
recovered by centrifuging and counted. These cells were washed 2x with ice cold PBS +
2% heat inactivated FBS + 0.09% sodium azide (Cell Staining Buffer, BD). 3x10 5 cells
from each sample were resuspended in I00pl of staining buffer and the appropriate
volume of FITC conjugated antibody (either mouse anti-human ICAM-l or mouse anti-
human VCAM-1) added. After briefly vortexing to mix, cells were incubated on ice for
45 minutes in the dark with shaking. Cells were then centrifuged and washed 2x with ice
cold staining buffer to remove excess antibody. Finally, cells were resuspended in 500pil
of 1% paraformaldehyde in PBS. 104 cells were analyzed by flow cytometry using a
FACScalibur intstrument and CellQuest software (Becton Dickinson, San Diego, CA).
All samples were compared to similarly prepared cells stained with the appropriate FITC
conjugated isotype controls.
T Cell Proliferation Assay
In order to determine if scaffold modulus affected functional response to
inflammatory stimulus, endothelial cell induction of T cell proliferation was measured.
Endothelial cells were cultured on scaffolds under normal culture conditions for 16 days
and then exposed to IOOOU/mL IFN-y for 48 hours. Cell growth was subsequently
arrested using 50ptg/mL mitomycin C. CD4* T cells were isolated from fresh human
blood using a negative selection kit (Miltenyi). Isolated T cells were labeled with O1IM
carboxyfluorescein succinimidyl ester (CFSE, Invitrogen) for 10 minutes at 370C in
phenol red free RPMI 1640, and washed three times. Labeled CD4+ T cells were co-
cultured with scaffolds at 5x10 5 T cells per 1.25x10 5 EC (in triplicate for each scaffold
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type), in RPMI medium without phenol red, and maintained for six days. At the end of
the co-culture period, scaffolds were washed extensively, and T cells pelleted by
centrifugation. T cells were resuspended in PBS and analyzed by flow cytometry. With
this method, proliferation (i.e. division) of T cells results in less intense staining per cell
and a shift to the left (i.e. decrease) in mean fluorescence intensity.
Statistics
Statistical analyses were performed with Prism (GraphPad) or Excel (Microsoft)
software. Data are expressed as mean +/- SEM unless noted. Comparisons between
groups were made by ANOVA followed by Tukey's multiple comparison test. A value of
p < 0.05 was considered statistically significant.
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RESULTS
ICAM-1 and VCAM-1 Expression Are Dependent on Scaffold Modulus
ICAM-1 and VCAM-1 expression was assessed in two ways. First, soluble
ICAM- I and VCAM- 1 (sICAM- 1, sVCAM- 1) were measured using a colorometric
ELISA kit. Second, cell surface expression was measured using flow cytometry. sICAM-
1 had a binary distribution. At lower moduli (<= 508Pa), sICAM-1 expression was
relatively high, and was significantly lower at high moduli (>= 1062Pa) (p = 0.002 by
ANOVA between these two groups). (Figure 48) Maximum expression was 43.9 +/- 6.1
ng/10 6 cells at a modulus of 376Pa. Minimum expression was 19.3 +/- 12.3 ng/10 6 cells
at a modulus of 1345Pa. The percentage of cells positive for ICAM as measured by flow
cytometry was not significantly dependent on modulus (p = 0.09 by ANOVA), although
the linear correlation between the two was very high (r2 =0.943). However, if scaffolds
are sorted into the same groups as the sICAM samples (<=508Pa, >=1 062Pa), the
difference between these two groups is significant (p = 0.003). (Figure 48)
sVCAM-1 was also dependent on modulus (p 0.02 by ANOVA). (Figure 49)
Expression was low at very low moduli (minimum of 33.6 +/- 1.8 ng/10 6 cells at 49.9Pa),
but reaches a maximum of 55.3 +/- 2.3 ng/1 06 cells at 173Pa and then decreases linearly
to 27.7 +/- 4.7 ng/10 6 cells at 1345Pa. VCAM as measured by flow cytometry follows a
different pattern, but is also dependent on modulus (p = 0.004 by ANOVA). (Figure 49)
Percent positive expression was highest on scaffolds of 49.9Pa, with 18.75 +/- 0.2 percent
positive cells. Positive expression then falls monotonically with modulus to a low of 1.6
+/- 0.4 percent positive cells at 1345Pa. A logarithmic curve can be fit to the data with an
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r2= 0.94. The reason for the differences between soluble and surface VCAM- 1
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Figure 48: ICAM-1 Expression is Dependent on Scaffold Modulus. Top: Soluble
ICAM-1 levels fall into two groups: high at low moduli, and low at high moduli. The
difference between the two groups is significant (p = 0.002 by ANOVA). Bottom: Cell
surface ICAM- 1 correlates strongly with modulus, but dependence on modulus is only
significant (p = 0.003) when divided into two groups as with sICAM- 1.
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Figure 49: VCAM-1 Expression is Dependent on Scaffold Modulus. Top: sVCAM
secretion is dependent on scaffold modulus (p = 0.01 by ANOVA). sVCAM expression is
linearly correlated to modulus at >=1 73Pa (r2 = 0.98). Bottom: Cell surface expression
(% positive cells) is dependent on modulus (p = 0.004), and can be fit with a logarithmic
curve (r2 = 0.943).
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Cytokine Secretion By Endothelial Cells is Independent of Scaffold Modulus
Three cytokines (MCP1, IL6, and IL8) were assayed for in the conditioned media
of TNF-a stimulated endothelial cells using colorometric ELISA kita. In general, the
results indicate that the level of these cytokines is very low, and that their secretion is
independent of scaffold modulus.
MCP-1 secretion was independent of modulus (p = 0.58 by ANOVA). (Figure 50)
Secretion ranged from 3.05 +/- 0.58 ng/10 6 cells at 49.9Pa up to 3.76 +/- 0.08 ng/10 6 cells
at 508Pa, but this difference was not statistically significant. (It should be additionally
noted that MCP-1 secretion on all scaffolds was much lower than on two-dimensional
controls [13.4 +/- 0.8 ng/10 6 cells, data not shown]. Compared to the difference between
secretion on scaffolds and in 2D, the changes induced by modulus are extremely small
and almost certainly functionally significant in any case.)
Similarly, IL8 secretion was also independent of modulus (p = 0.08 by ANOVA).
(Figure 51) Secretion ranged from 104.0 +/- 6.1 ng/10 6 cells at 508Pa up to 142.4 +/-
12.9 ng/10 6 cells at 1345Pa. Like with MCP1, secretion on all scaffolds was much lower
than on two-dimensional controls [746.5 +/- 97.4 ng/l 06 cells, data not shown]. The
changes induced by modulus are extremely small when compared to the difference
between 2D culture and culture on scaffolds, and are not likely to be functional.
Finally, IL6 secretion was found to be dependent on scaffold modulus (p = 0.02
by ANOVA), and the data was fit fairly well with a parabolic curve (r2 = 0.696) with a
minimum between 508Pa and 1062Pa. (Figure 52) However, the absolute difference
between scaffolds was small, ranging from 9.5 +/- 1.9 ng/10 6 cells at 508Pa up to 16.2 +/-
3.6 ng/10 6 cells at 49.9Pa, a difference which is not statistically significant by itself.
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(Again, this difference is very small in absolute terms, and is dwarfed by the difference in
secretion between 2D culture [221.2 +/- 66.4 ng/1 06 cells, data not shown] and culture on
scaffolds - a difference of a order of magnitude.)












Figure 50: MCP1 Secretion is Independent of Scaffold Modulus. There does not
appear to be a correlation between MCPI secretion and modulus, and the absolute
difference between highest and lowest values is small.
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Figure 51: IL8 Secretion is Independent of Modulus. There does not appear to be a
correlation between IL8 secretion and modulus, and the absolute difference between













0 200 400 600 800 1000 1200 1400
Modulus (Pa)
Figure 52: IL6 Secretion May Be Dependent on Modulus. 1-way ANOVA suggests
that IL6 secretion is dependent on modulus (p = 0.02), and the data can be fit fairly well
with a parabolic curve (r2 = 0.696). However, the difference between the lowest and
highest levels is not significantly different, and the absolute differences are small.
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Endothelial Cell Induced T Cell Proliferation Is Significantly Affected By Scaffold
Modulus
CD4+ T cell proliferation in response to exposure to endothelial cells from
scaffolds of various stiffness was measured using a CFSE analysis method, where
decreased proliferation is correlated with an increase in T cell mean fluorescence
intensity (MFI).
MFI was maximal (and T cell proliferation minimal) at 49.9Pa, with a value of
65.9 +/- 4.8. MFI was minimal (and T cell proliferation maximal) at a scaffold modulus
of 1345Pa, with a value of 153.7 +/- 4.7. MFI values increase monotonically (and
proliferation decreases monotonically) with increasing modulus. The data is well fit with
a logarithmic curve, with r2 = 0.98. (Figure 53) Overall, the data indicate that
proliferation is decreased when T cells are exposed to endothelial cells grown on stiff
scaffolds when compared to exposure to endothelial cells from softer scaffolds.
CD4+ T cell proliferation can be stimulated by a number of endothelial cell
surface markers, including ICAM- 1 and VCAM- 1. Our data show that MFI is linearly
correlated with cell surface expression of both ICAM-1 (r2 = 0.81) and VCAM-1 (r2
0.95). (Figure 54)






0 350 700 1050 1400
Modulus (Pa)
Figure 53: Endothelial Cell Induced T Cell Proliferation Is Increased When
Endothelial Cells Are Cultured on Softer Scaffolds. Top: Mean fluorescence intensity
of T cells, which decreases with increasing T cell number and proliferation, is minimal at
49.9Pa and increases with increasing scaffold stiffness.
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Figure 54: T Cell MFI is Linearly Related to Endothelial Cell Surface Expression of
ICAM-1 and VCAM-1. Top: T cell MFI decreased linearly (i.e. cell number increased)
with an increase in endothelial cell ICAM- I expression. Bottom: T cell MFO decreased
linearly (i.e. cell number increased) with an increase in endothelial cell VCAM-1
expression.
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MCP-1 Recruits monocytes to sites of N/A
injury and infection
IL-8 Neutrophil chemotaxis and N/A
activation
IL-6 Monocyte chemotaxis and 828Pa
activation
ICAM-1 Adhesion to, and migration 1345Pa
into, vessel wall by
leukocytes
VCAM-1 Involved in adhesion of 1345Pa
leukocytes to the vessel wall
CD4+ T Cell In vivo, activated endothelial 1345Pa
Proliferation cells induce proliferation of
these cells which are involved
in many aspects of the
immune response. This
function is greatly decreased
in 3D culture compared to 2D
culture.
Table 5: Summary of Endothelial Cell Immune Response Data
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DISCUSSION
Prior to completing the work of this chapter, there was reason to believe that
scaffold modulus would affect cytokine secretion. Cytokine secretion by endothelial cells
is regulated by the NF-kB pathway, which is upregulated by C5 P1 integrin expression. 70
Additionally, previous work (unpublished) from our lab has suggested that integrins CAsp
and aCp 3 are important in the production of cytokines by endothelial cells. When these
integrins are neutralized, or when endothelial cells are cultured on Gelfoam, where levels
of these integrins are naturally lower than in 2D culture (unpublished), production of
cytokines is decreased. As our data (figures 39-40) suggest that integrin expression levels
are dependent on substrate modulus we examined how substrate modulus affects the
secretion of cytokines by endothelial cells in response to inflammatory stimuli.
There was essentially no dependence of cytokine (MCPI, 1L8, IL6) secretion on
modulus. Although IL-6 was statistically dependent on modulus, the absolute range of
values was very small, and unlikely to be functionally significant. This does not
necessarily contradict the finding discussed above of the integrin dependence of cytokine
secretion. Integrin expression on 3D gelatin scaffolds is in general lower than in 2D
culture, as is cytokine secretion.7 It is possible that any affect of integrin expression has
already been saturated just by the transition from 2D to 3D culture, and a further
reduction in integrin levels would have no effect.
The expression of soluble and surface expressed ICAM- 1 and VCAM-1, which
are also regulated by the NF-kB pathway, by TNF-a stimulated endothelial cells was also
examined. ICAM-1 (Intercellular Cell Adhesion Molecule 1) is a cell adhesion molecule
involved in the adhesion of leukocytes to, and migration into, the blood vessel wall
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following an inflammatory stimulus. ICAM- I is constitutively expressed on endothelial
cells, but is strongly and quickly upregulated by stimulation with cytokines such as TNF-
cc. ICAM-I binds to a number of ligands present on immune cells, including Macrophage
Adhesion Ligand-l (Mac-1) and Leukocyte Function Associated Antigen-I (LFA-1).
These are both integrins containing a P2 chain found only on leukocytes. 1
Like ICAM-1, VCAM-1 (Vascaular Cell Adhesion Molecule 1) is involved in the
adhesion of leukocytes to the vessel wall. Although similar in function to ICAM-1,
VCAM-1 is not constitutively expressed on endothelial cells, and is transcriptionally
upregulated by inflammatory cytokines including TNF-ac. VCAM-1 also has different
targets on leukocytes than ICAM-1. A major target of endothelial cell VCAM-1 is
integrin a4bl, also known as Very Late Antigen 4 (VLA-4), expressed on leukocytes. 7 1
ICAM-1 and VCAM-I are also markers of atherosclerotic disease, as both are
expressed on atherosclerotic plaques. Additionally, blood levels of soluble versions of
ICAM- 1 and VCAM- I are predictive for atherosclerosis in healthy and high risk patients,
respectively. 7 1 Since the scaffolds used in this work spanned in modulus from that of a
healthy vessel up to the low end of measured values for atherosclerotic plaques (see
Chapter 3), we were interested to see how our scaffolds would affect expression of these
molecules.
Soluble and surface ICAM-I expression fell into two groups - high expression
levels at low moduli, and low expression levels at high moduli (>= 1062Pa). Surface
expression correlates with integrin cC surface expression (geometric mean of
fluorescence, r2= 0.8), as well as avP3 surface expression (percent positive cells, r2
0.77). Like ICAM-1, VCAM-l surface expression was also dependent on substrate
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modulus, and correlated linearly with aC, 3 percent positive cells (r2= 0.79). When
VCAM- 1 surface expression was compared to cs surface expression, however a pattern
similar to that of smooth muscle cell inhibition versus a 5 surface expression was seen: a
low level plateau at low OC expression, followed by a sharp increase in VCAM when cX
plateaus. This may indicate that similar pathways are involved in integrin mediated
regulation of both smooth muscle cell inhibition and inflammatory response, although it
may also point to integrin mediated upregulation of the NF-kB pathway.
Thefunctional effect of the change in endothelial cell inflammatory state in
response to changes in scaffold modulus was examining by measuring CD4+ T cell
proliferation. CD4+ T cells serve a wide variety of roles in the immune system,
functioning as helper T cells (assisting in the functions of other immune cells), memory T
cells (which "remember" past infections), and regulatory T cells (help keep T cell
mediated immunity in check)72. Immunologically activated endothelial cells express cell
surface markers (principally MHCII 73'74 - an antigen presenting molecule, although
ICAM 75'76 and VCAM7 7'78 have both also been implicated) which induce proliferation of
these cells. Past work has shown that embedding endothelial cells in gelatin scaffolds
greatly reduces this endothelial cell mediated induction of CD4+ T cell proliferation.7
In this work, we showed that endothelial cell induced proliferation of CD4+ T
cells is greatly affected by scaffold modulus. Endothelial cells cultured on stiff scaffolds
induced significantly less T cell proliferation than endothelial cells cultured on softer
scaffolds. Although VCAM and ICAM do not directly induce CD4+ T cell proliferation,
the decrease in MFI of T cells was linearly related to both VCAM-l (r2 = 0.92) and
ICAM-1 (r2 = 0.72) expression. The ICAM-I and VCAM-1 data combined with the T
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cell proliferation data suggests that the overall inflammatory state of the endothelial cell
is reduced when cultured on stiffer scaffolds compared to softer ones.
Although more data is needed, it seems that the model developed in Chapter 3 for
growth regulation may also applicable to the endothelial cell inflammatory response.
Changes in the balance of forces on the cell lead to altered ECM and integrin expression,
leading to changes in the downstream functionality of the cell, with different responses
being altered in different ways. In the case of inflammation, stimulatory cytokines change
only slightly in response these alterations in modulus, and therefore integrins, while
larger changes in cell adhesion molecules and induction of T cell proliferation are seen.
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CONCLUSIONS
The data in this chapter indicates that scaffold modulus is able to regulate some
aspects of the endothelial cell inflammatory response, namely the expression of cell
adhesion molecules ICAM-1 and VCAM-1, and the induction of CD4+ T cell
proliferation. On the other hand, cytokine expression was found to be unaffected by
scaffold modulus. Changes in adhesion molecule expression correlated with endothelial
cell integrin expression, suggesting that integrin mediated signaling is involved in
inflammatory regulation.
The data presented in this chapter offers an intriguing hint that modulus mediates
control of inflammatory response in a manner similar to the regulation of growth, but
there are still many questions left to answer. Future studies will focus on the pathways
involved in the regulation of ICAM-1, VCAM-1 and T cell proliferation by substrate
modulus. There are several possibilities. The NF-kB pathway is a natural target, as it is
intimately involved in the inflammatory response, and has been shown to be altered in
response to integrin expression. Alternatively, we will examine whether modulus
mediated regulation of smooth muscle cell inhibition and inflammatory response are
regulated through some common cellular pathway. If the NF-kB pathway is responsible
for the changes in ICAM-1 and VCAM-1 expression, it would also be interesting to
determine why cytokine expression was not affected, though adhesion molecule
expression was.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK
SUMMARY
In this thesis, we examined the hypothesis that substrate physical properties can
affect the functionality of endothelial cell in three dimensional culture, and that these
changes are mediated by changes in the interface between the cells and their substrate.
Chapter 2 attempted to use gelatin scaffolds to examine the effect of a range of physical
properties, including pore size, density and modulus. Cell functions such as growth,
secretion of TGF-p1, prostacyclin, glycosaminoglycans and heparan sulfate
proteoglycans were all affected to some degree by changes of substrate properties.
However, the alteration of multiple scaffold properties confounded the analysis. Based on
Ll th % beVatIVon thaL modUUL1us seeme tohVe h1ad tit% osyt eff"t %-n CF"pter 3V- weuILIzed'
scaffolds varying in only modulus to examine the effect of changes in substrate
mechanical properties on cell biology. Various aspects of endothelial cell biology relating
to the regulation of smooth muscle cell growth (including secretion of growth factors and
heparan sulfate proteoglycans) were altered by scaffold modulus, and that these changes
in regulatory factors translated into a functional difference. Additionally, it was
discovered that endothelial cell extracellular matrix gene expression and integrin
expression were altered by substrate modulus, and that these changes correlated with the
changes in smooth muscle cell growth regulation. Based on these data, we offered a
model whereby changes in scaffold modulus upset the normal balance of forces on the
cell. The cell attempts to return to its preferred state by altering extracellular matrix and
integrin expression. The changes in integrin expression then have differential effects on
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the stimulation and inhibition of cellular growth. Stimulatory function was conserved,
changing only slightly, as was avb3 integrin associated with a proliferatory phenotype.
The change in inhibitory function was much larger, and is of similar magnitude to that of
the change in c4p1 integrin, which is related to a more quiescent, less proliferative
cellular phenotype. In Chapter 4, we attempted to determine if this same paradigm could
be applied to cellular response to inflammatory stimuli. Initial data indicates that some
aspects of endothelial cell inflammatory response, namely cell surface expression of
ICAM- 1 and VCAM-1, are altered in a manner which mirrors changes in integrin
expression and possibly can be explained by a similar model as growth regulation.
Additionally, induction of CD4+ T cell proliferation was found to be greater by
endothelial cells cultured on soft scaffolds compared to those grown on stiffer ones.
These data correlated well with ICAM and VCAM cell surface expression.
FUTURE WORK
Based on these data, future work will follow two lines of inquiry. The first line of
inquiry will be to further examine how endothelial cell inflammatory response is
modulated by substrate modulus. Initial work has shown that cell surface adhesion
molecules and T cell proliferation are affected, while cytokines are not, and that some of
these changes seem to mirror those seen in the smooth muscle cell inhibition system.
Work in this area will involve seeking other functional changes, and determining if these
follow the same pattern as well.
Second, although it appears that alterations in integrin expression may be related
to changes in cellular function, the mechanism by which this occurs is not known. There
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are many different pathways which have been shown to be activated by changes in
mechanical forces, through integrins and intermediaries such as PKC, RhoA, Ras/Rac,
etc., including the MAP kinase cascades and NF-kB pathway. 79 Activation of several of
these pathways could explain the data of this thesis. For example, activation of the ERK
1/2 and p38 MAP kinase pathways by mechanical stimuli has been implicated in the
increased inhibition of smooth muscle cell growth through the TGF-b pathway5 5 , which
also increases extracellular matrix deposition.80 Increased activation of the NF-kB
pathway could explain the increases in ICAM-1 and VCAM-1 expression. Although
changes in substrate modulus have not been specifically implicated in these systems, it
seems likely that changes in substrate stiffness could be thought of as analogous to shear
stress or cyclic strain. Elucidation of which pathways are involved will be an important
next step to understanding how changes in substrate mechanics are translated into
functional differences.
Page 134 of 139
CHAPTER 6: REFERENCES
1. Michiels, C. Endothelial cell functions. J. Cell. Physiol 196, 430-443(2003).
2. Ettenson, D.S. et al. Endothelial heparan sulfate is necessary but not sufficient for
control of vascular smooth muscle cell growth. J. Cell. Physiol 184, 93-100(2000).
3. Sun, T. et al. Culture of skin cells in 3D rather than 2D improves their ability to
survive exposure to cytotoxic agents. J. Biotechnol 122, 372-381(2006).
4. Cukierman, E. et al. Taking cell-matrix adhesions to the third dimension. Science
294, 1708-1712(2001).
5. Webb, K. et al. Comparison of human fibroblast ECM-related gene expression on
elastic three-dimensional substrates relative to two-dimensional films of the same
material. Biomaterials 24, 4681-4690(2003).
6. Li, S. et al. Genomic analysis of smooth muscle cells in 3-dimensional collagen
matrix. FASEB J 17, 97-99(2003).
7. Methe, H. et al. Matrix embedding alters the immune response against endothelial
cells in vitro and in vivo. Circulation 112, 189-95(2005).
8. Yeung, T. et al. Effects of substrate stiffness on cell morphology, cytoskeletal
structure, and adhesion. Cell Motil. Cytoskeleton 60, 24-34(2005).
9. Lo, C.M. et al. Cell movement is guided by the rigidity of the substrate. Biophys. J
79, 144-152(2000).
10. Engler, A.J. et al. Surface probe measurements of the elasticity of sectioned tissue,
thin gels and polyelectrolyte multilayer films: Correlations between substrate stiffness
and cell adhesion. Surf Sci. 570, 142-154(2004).
11. Engler, A. et al. Substrate compliance versus ligand density in cell on gel responses.
Biophys. J86, 617-628(2004).
12. Gray, D.S., Tien, J. & Chen, C.S. Repositioning of cells by mechanotaxis on surfaces
with micropatterned Young's modulus. JBiomed Mater Res A 66, 605-614(2003).
13. Peyton, S.R. & Putnam, A.J. Extracellular matrix rigidity governs smooth muscle cell
motility in a biphasic fashion. J Cell Physiol 204, 198-209(2005).
14. Smith, J.T., Elkin, J.T. & Reichert, W.M. Directed cell migration on fibronectin
gradients: Effect of gradient slope. Experimental Cell Research 312, 2424-
2432(2006).
15. Pelham, R.J. & Wang, Y.L. Cell locomotion and focal adhesions are regulated by
substrate flexibility. Proc. Natl. Acad. Sci. U.S.A 94, 13661-13665(1997).
16. Giannone, G. & Sheetz, M.P. Substrate rigidity and force define form through
tyrosine phosphatase and kinase pathways. Trends Cell Biol 16, 213-223(2006).
17. Subramanian, A. & Lin, H. Crosslinked chitosan: its physical properties and the
effects of matrix stiffness on chondrocyte cell morphology and proliferation. J
Biomed Mater Res A 75, 742-753(2005).
18. Wang, H., Dembo, M. & Wang, Y. Substrate flexibility regulates growth and
apoptosis of normal but not transformed cells. Am JPhysiol Cell Physiol 279, Cl 345-
1350(2000).
19. Peyton, S.R. et al. The use of poly(ethylene glycol) hydrogels to investigate the
impact of ECM chemistry and mechanics on smooth muscle cells. Biomaterials 27,
4881-4893(2006).
Page 135 of 139
20. Semler, E.J. et al. Engineering hepatocellular morphogenesis and function via ligand-
presenting hydrogels with graded mechanical compliance. Biotechnol. Bioeng 89,
296-307(2005).
21. Paszek, M.J. et al. Tensional homeostasis and the malignant phenotype. Cancer Cell
8, 241-254(2005).
22. Flanagan, L.A. et al. Neurite branching on deformable substrates. Neuroreport 13,
2411-2415(2002).
23. Wallace, C.S., Strike, S.A. & Truskey, G.A. Smooth muscle cell rigidity and
extracellular matrix organization influence endothelial cell spreading and adhesion
formation in coculture. Am. J. Physiol. Heart Circ. Physiol 293, H 1978-1986(2007).
24. Ohya, S., Kidoaki, S. & Matsuda, T. Poly(N-isopropylacrylamide) (PNIPAM)-
grafted gelatin hydrogel surfaces: interrelationship between microscopic structure and
mechanical property of surface regions and cell adhesiveness. Biomaterials 26, 3105-
3111(2005).
25. Sieminski, A.L., Hebbel, R.P. & Gooch, K.J. The relative magnitudes of endothelial
force generation and matrix stiffness modulate capillary morphogenesis in vitro. Exp.
Cell Res 297, 574-584(2004).
26. Sieminski, A.L. et al. The stiffness of three-dimensional ionic self-assembling
peptide gels affects the extent of capillary-like network formation. Cell Biochem.
Biophys 49, 73-83(2007).
27. Deroanne, C.F., Lapiere, C.M. & Nusgens, B.V. In vitro tubulogenesis of endothelial
cells by relaxation of the coupling extracellular matrix-cytoskeleton. Cardiovasc. Res
49, 647-658(2001).
28. Yamamura, N. et al. Effects of the mechanical properties of collagen gel on the in
vitro formation of microvessel networks by endothelial cells. Tissue Eng 13, 1443-
53(2007).
29. Hayoz, D. & Brunner, H.R. Remodelling of conduit arteries in hypertension: special
emphasis on the mechanical and metabolic consequences of vascular hypertrophy.
Blood Press Suppl 2, 39-42(1997).
30. Korshunov, V.A., Schwartz, S.M. & Berk, B.C. Vascular remodeling: hemodynamic
and biochemical mechanisms underlying Glagov's phenomenon. Arterioscler.
Thromb. Vasc. Biol 27, 1722-1728(2007).
31. Durier, S. et al. Physiological Genomics of Human Arteries: Quantitative
Relationship Between Gene Expression and Arterial Stiffness. Circulation 108, 1845-
1851(2003).
32. Nugent, H.M. & Edelman, E.R. Endothelial implants provide long-term control of
vascular repair in a porcine model of arterial injury. J. Surg. Res 99, 228-234(2001).
33. Nugent, H.M., Rogers, C. & Edelman, E.R. Endothelial implants inhibit intimal
hyperplasia after porcine angioplasty. Circ. Res 84, 384-391(1999).
34. Nugent, H.M. et al. Perivascular endothelial implants inhibit intimal hyperplasia in a
model of arteriovenous fistulae: a safety and efficacy study in the pig. J. Vasc. Res
39, 524-533(2002).
35. Nathan, A., Nugent, M.A. & Edelman, E.R. Tissue engineered perivascular
endothelial cell implants regulate vascular injury. Proc. Natl. Acad. Sci. U.S.A 92,
8130-8134(1995).
Page 136 of 139
36. Han, R.O. et al. Heparin/heparan sulfate chelation inhibits control of vascular repair
by tissue-engineered endothelial cells. Am. J. Physiol 273, H2586-2595(1997).
37. Nugent, H.M. et al. Adventitial endothelial implants reduce matrix metalloproteinase-
2 expression and increase luminal diameter in porcine arteriovenous grafts. Journal
of Vascular Surgery 46, 548-556.e2(2007).
38. Pervasis. at <http://www.pervasistx.com/clinical/index.html>
39. Methe, H. & Edelman, E.R. Cell-matrix contact prevents recognition and damage of
endothelial cells in states of heightened immunity. Circulation 114, 1233-238(2006).
40. Hess, S. et al. NF-kappaB activity in endothelial cells is modulated by cell substratum
interactions and influences chemokine-mediated adhesion of natural killer cells. Cell
Transplant 18, 261-273(2009).
41. Methe, H., Hess, S. & Edelman, E.R. Endothelial cell-matrix interactions determine
maturation of dendritic cells. Eur. J. Immunol 37, 1773-1784(2007).
42. Methe, H. et al. Matrix adherence of endothelial cells attenuates immune reactivity:
induction of hyporesponsiveness in allo- and xenogeneic models. FASEB J21, 1515-
1526(2007).
43. Methe, H., Hess, S. & Edelman, E.R. The effect of three-dimensional matrix-
embedding of endothelial cells on the humoral and cellular immune response. Semin.
Immunol 20, 117-122(2008).
44. Correll, J. Therapeutic Sponge and Method of Making. (1949).
45. Famdale, R.W., Buttle, D.J. & Barrett, A.J. Improved quantitation and discrimination
of sulphated glycosaminoglycans by use of dimethylmethylene blue. Biochim.
Biophys. Acta 883, 173-177(1986).
46. Kwon, I ... et al. Fibroblast culture on surfaI'-dce diUIed puCy(giycoid-cu-psiln-
caprolactone) scaffold for soft tissue regeneration. JBiomater Sci Polym Ed 12,
1147-1160(2001).
47. Jeong, S.I. et al. Manufacture of elastic biodegradable PLCL scaffolds for mechano-
active vascular tissue engineering. JBiomater Sci Polym Ed 15, 645-660(2004).
48. Zeltinger, J. et al. Effect of pore size and void fraction on cellular adhesion,
proliferation, and matrix deposition. Tissue Eng 7, 557-572(2001).
49. O'Brien, F.J. et al. The effect of pore size on cell adhesion in collagen-GAG
scaffolds. Biomaterials 26, 433-441(2005).
50. Yamane, S. et al. Effect of pore size on in vitro cartilage formation using chitosan-
based hyaluronic acid hybrid polymer fibers. JBiomed Mater Res A 81, 586-
593(2007).
51. Mygind, T. et al. Mesenchymal stem cell ingrowth and differentiation on coralline
hydroxyapatite scaffolds. Biomaterials 28, 1036-1047(2007).
52. Taqvi, S. & Roy, K. Influence of scaffold physical properties and stromal cell
coculture on hematopoietic differentiation of mouse embryonic stem cells.
Biomaterials 27, 6024-6031(2006).
53. Kruyt, M.C. et al. Optimization of bone-tissue engineering in goats. J. Biomed.
Mater. Res. Part B Appl. Biomater 69, 113-120(2004).
54. Vickers, S.M., Squitieri, L.S. & Spector, M. Effects of cross-linking type I collagen-
GAG scaffolds on chondrogenesis in vitro: dynamic pore reduction promotes
cartilage formation. Tissue Eng 12, 1345-1355(2006).
Page 137 of 139
55. Baker, A.B. et al. Endothelial cells provide feedback control for vascular remodeling
through a mechanosensitive autocrine TGF-beta signaling pathway. Circ. Res 103,
289-297(2008).
56. Harley, B.A. et al. Mechanical characterization of collagen-glycosaminoglycan
scaffolds. Acta Biomaterialia 3, 463-474(2007).
57. Johnson, K.R., Leight, J.L. & Weaver, V.M. Demystifying the effects of a three-
dimensional microenvironment in tissue morphogenesis. Methods Cell Biol 83, 547-
83(2007).
58. Brew, K., Dinakarpandian, D. & Nagase, H. Tissue inhibitors of metalloproteinases:
evolution, structure and function. Biochimica et Biophysica Acta (BBA) - Protein
Structure and Molecular Enzymology 1477, 267-283(2000).
59. Gibson, L.J., Ashby, M.F. & Ashby, M. Cellular Solids: Structure and Properties.
(Cambridge University Press: 1999).
60. Lee, C.R., Grodzinsky, A.J. & Spector, M. The effects of cross-linking of collagen-
glycosaminoglycan scaffolds on compressive stiffness, chondrocyte-mediated
contraction, proliferation and biosynthesis. Biomaterials 22, 3145-3154(2001).
61. Silva, E.C.C.M. et al. Size effects on the stiffness of silica nanowires. Small 2, 239 -
243(2006).
62. Barrett, S. et al. Experimental measurement of the mechanical properties of carotid
atherothrombotic plaque fibrous cap. Journal ofBiomechanics 42, 1650-1655(2009).
63. Leipzig, N.D. & Shoichet, M.S. The effect of substrate stiffness on adult neural stem
cell behavior. Biomaterials (2009).doi: 10.101 6/j.biomaterials.2009.09.002
64. Hadjipanayi, E., Mudera, V. & Brown, R.A. Close dependence of fibroblast
proliferation on collagen scaffold matrix stiffness. J Tissue Eng Regen Med 3, 77-
84(2009).
65. Liu, H., Lin, J. & Roy, K. Effect of 3D scaffold and dynamic culture condition on the
global gene expression profile of mouse embryonic stem cells. Biomaterials 27,
5978-5989(2006).
66. Davis, G.E. & Senger, D.R. Endothelial Extracellular Matrix: Biosynthesis,
Remodeling, and Functions During Vascular Morphogenesis and Neovessel
Stabilization. Circ Res 97, 1093-1107(2005).
67. Morgan, M.R. et al. Giving off mixed signals--distinct functions of alpha5betal and
alphavbeta3 integrins in regulating cell behaviour. IUBMB Life 61, 731-738(2009).
68. Hodivala-Dilke, K. [alpha]v[beta]3 integrin and angiogenesis: a moody integrin in a
changing environment. Current Opinion in Cell Biology 20, 514-519(2008).
69. Serini, G. et al. Besides adhesion: new perspectives of integrin functions in
angiogenesis. Cardiovasc Res 78, 213-222(2008).
70. Klein, S. et al. {alpha}5{beta}1 Integrin Activates an NF-{kappa}B-Dependent
Program of Gene Expression Important for Angiogenesis and Inflammation. Mol.
Cell. Biol. 22, 5912-5922(2002).
71. Blankenberg, S., Barbaux, S. & Tiret, L. Adhesion molecules and atherosclerosis.
Atherosclerosis 170, 191-203(2003).
72. von Andrian, U.H. & Mackay, C.R. T-Cell Function and Migration -- Two Sides of
the Same Coin. N Engl J Med 343, 1020-1034(2000).
Page 138 of 139
73. Dorling, A., Binns, R. & Lechler, R.I. Significant primary indirect human T-cell anti-
pig xenoresponses observed using immature porcine dendritic cells and SLA-class II-
negative endothelial cells. Transplant. Proc 28, 654(1996).
74. Vallde, I. et al. Human T lymphocyte proliferative response to resting porcine
endothelial cells results from an HLA-restricted, IL-IO-sensitive, indirect
presentation pathway but also depends on endothelial-specific costimulatory factors.
J. Immunol 161, 1652-1658(1998).
75. Wingren, A.G. et al. T cell activation pathways: B7, LFA-3, and ICAM-l shape
unique T cell profiles. Crit. Rev. Immunol 15, 235-253(1995).
76. Gonzalo, J.A. et al. ICAM-1 is required for T cell proliferation but not for anergy or
apoptosis induced by Staphylococcus aureus enterotoxin B in vivo. Int. Immunol 7,
1691-1698(1995).
77. Damle, N.K. & Aruffo, A. Vascular cell adhesion molecule 1 induces T-cell antigen
receptor-dependent activation of CD4+T lymphocytes. Proceedings of the National
Academy of Sciences of the United States of America 88, 6403-6407(1991).
78. Burkly, L.C. et al. Signaling by vascular cell adhesion molecule-i (VCAM-1)
through VLA-4 promotes CD3-dependent T cell proliferation. European Journal of
Immunology 21, 2871-2875(1991).
79. Lehoux, S., Castier, Y. & Tedgui, A. Molecular mechanisms of the vascular
responses to haemodynamic forces. J. Intern. Med 259, 381-392(2006).
80. Massagud, J. et al. Transforming growth factor-beta. Cancer Surv 12, 81-103(1992).
81. Chen, C.C. & Manning, A.M. Transcriptional regulation of endothelial cell adhesion
molecules: a dominant role for NF-kappa B. Agents Actions Suppl 47, 135-
141(1995).
Page 139 of 139
